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Foreword 


The  Ninth  International  Winterschool  on  New  Developments  in  Solid  State  Physics,  entitled  Nanostructure 
Physics  and  Technology,  was  held  in  Mauterndorf  Castle,  Salzburg,  Austria  from  19  to  23  February  1996. 

A  total  of  65  papers  (including  posters)  were  presented  at  the  meeting.  This  issue  contains  30  invited  papers. 

Following  the  tradition  of  the  previous  meetings,  a  serious  attempt  was  made  to  have  the  most  recent 
highlights  in  low  dimensional  physics  as  well  as  advances  in  nanotechnology  presented  at  this  meeting. 

The  main  topics  were: 

•  Composite  fermions  and  skyrmions 

•  Single-electron  phenomena 

•  Quantum  dots 

•  Magnetotransport  and  quantum  Hall  effect 

•  Nanolithography,  nanofabrication  and  nanoprobes 

•  Superlattices  and  multiple  quantum  wells 

•  Mesoscopics 

The  success  of  this  conference  series  relies  heavily  on  the  invited  speakers,  whose  efforts  resulted  in  lucid 
and  compelling  presentations  of  their  work.  The  event’s  strong  international  tradition  was  maintained  by  a  total 
of  about  170  scientists  attending  from  13  countries. 

A  large  number  of  people  contributed  through  their  advice,  support  and  collaboration  to  the  conference:  to  all 
of  them  the  organizers  are  most  grateful. 
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Examining  composite  fermions  with 
surface  acoustic  waves 


R  L  Willett  and  L  N  Pfeiffer 

AT&T  Bell  Laboratories,  600  Mountain  Avenue,  Room  ID-466,  Murray  Hill, 

NJ  07974,  USA 

Abstract.  Fermi  surface  effects  of  composite  fermions  (CF)  in  a  two-dimensional 
electron  system  are  exposed  by  using  large-wavevector  surface  acoustic  waves 
(SAW)  to  probe  the  system  conductivity.  Enhanced  conductivity  is  observed  at 
even-denominator  filling  factors  for  SAW  wavelengths  smaller  than  the  CF  mean 
free  path.  Larger-wavevector  SAW  demonstrate  geometric  resonance  with  the  CF 
cyclotron  orbit,  allowing  direct  measurement  of  the  CF  Fermi  wavevector. 
Emphasized  here  are  recent  geometric  resonance  observations  which  display  an 
apparent  inconsistency  between  the  effective  mass  as  measured  in  d.c.  transport 
experiments  and  the  mass  necessary  to  resolve  the  geometric  resonances.  Using 
these  same  high-frequency  SAW,  a  geometric  resonance  structure  at  v  =  3/2 
defines  a  composite  fermion  Fermi  wavevector  consistent  with  a  spin-polarized  CF 
population:  this  is  at  odds  with  d.c.  transport  measurements.  Present  efforts  at 
determining  composite  fermion  structure  using  large-wavevector  SAW  will  also  be 
discussed. 


Surface  acoustic  waves  (SAW)  can  be  used  to  examine  the 
2D  electron  system  (2DES)  response  at  small  length  scales, 
that  of  the  SAW  wavelength.  Our  experiments  employ 
SAW  propagated  on  GaAs/AlGaAs  heterostructures  to 
extract  the  2D  electron  wavevector-dependent  conductivity 
oxx{q).  The  SAW  traverses  the  2DES  where  it  is  attenuated 
and  slowed  by  the  interaction  of  the  piezoelectric  field  due 
to  the  ultrasound  and  the  2D  electrons’  ohmic  response. 
The  sound  velocity  shift  as  measured  here  decreases 
monotonically  with  increasing  2DES  conductivity:  Av/v  = 
a/[  1  +  {crxx{q)/am)2],  with  the  effective  piezoelectric 
coupling  a  =  0.00032,  and  with  <rm  used  as  a  scaling 
parameter.  The  essential  point  of  the  experiments  is  that 
the  measured  amplitude  and  velocity  reflect  the  2DES 
conductivity  at  the  dimension  of  the  SAW  wavelength. 
As  such  this  technique  has  been  used  [1]  to  study  the 
integral  quantum  Hall  effect,  the  fractional  quantum  Hall 
effect,  the  small  filling  factor  regime,  and  is  now  also  being 
employed  as  a  contactless  probe  of  one-dimensional  and 
zero-dimensional  systems.  Our  fundamental  technological 
goal  has  been  to  develop  larger-wavevector  SAW,  and  we 
have  produced  new  SAW  that  operate  up  to  10.7  GHz, 
which  allow  examination  of  the  2DES  conductivity  at  a 
length  scale  of  ~2700  A. 

Measuring  the  2DES  response  at  small  length  scales 
has  been  crucial  in  exposing  the  properties  of  the  gauge 
transformed  or  composite  fermion  [2].  In  particular,  surface 
acoustic  waves  have  revealed  the  composite  fermion’s 
Fermi  surface  effects  at  even-denominator  filling  factors 
as  delineated  by  Halperin  et  al  [3]  (HLR). 

At  low  SAW  wavevectors  and  frequencies,  the 
measured  sound  velocity  shift  describes  a  sheet  conductivity 
throughout  the  magnetic  field  range  essentially  similar  to 

0268-1 242/96/1 11473+04$1 9.50  ©  1996  IOP  Publishing  Ltd 


that  seen  in  d.c.  transport.  However,  in  our  early  results 
[4],  SAW  demonstrated  an  anomalous  drop  in  transmitted 
amplitude  and  velocity  at  v  —  1/2  and  1/4,  reflecting  an 
enhanced  conductivity  of  the  2DES  at  these  specific  v  (see 
figure  1).  Following  HLR,  this  anomaly  is  understood  to 
occur  when  the  SAW  wavelength  is  smaller  than  or  about 
the  dimension  of  the  composite  fermion  mean  free  path, 
so  that  the  conductivity  is  enhanced  since  the  quasiparticle 
can  move  in  the  direction  of  the  piezoelectric  field  of  the 
SAW  without  scattering.  The  width  of  the  anomaly  in 
a  magnetic  field  is  determined  by  the  cyclotron  motion 
of  the  quasiparticle:  the  enhanced  conductivity  is  cut  off 
because  the  quasiparticle  moves  more  laterally  with  respect 
to  the  SAW  propagation  direction  as  the  effective  B-field, 
Bef(  =  B  —  5(1/2),  increases.  Further,  the  theory  proposed 
that  the  conductivity  at  v  =  1/2  should  increase  linearly 
with  SAW  wavevector  as  should  the  width  of  the  anomaly: 
these  predictions  were  found  to  be  true  experimentally  [5], 
Beyond  these  findings,  predicted  definitive  evidence  for 
the  presence  of  a  Fermi  surface  at  1  /2  is  observation  of 
geometric  resonance  of  the  quasiparticle  cyclotron  motion 
and  the  SAW  wavelengths;  these  resonances  provide 
a  direct  measurement  of  the  composite  fermion  Fermi 
wavevector,  kp.  Within  the  above  described  enhanced 
conductivity,  resonance  structure  should  appear  in  the 
conductivity  ( Av/v )  if  composite  fermion  cyclotron  orbits 
can  be  completed  within  the  SAW  wavelength  without 
scattering.  By  using  smallcr-wavelength  SAW,  such 
resonances  were  indeed  observed  [6]  in  SAW  measurements 
up  to  8.5  GHz.  In  figure  1  these  resonances  are 
shown  to  develop  symmetrically  about  1  /2  as  larger  SAW 
wavevector  is  used,  with  the  resonance  positions  in  A  B 
increasing  linearly  with  SAW  q:  A B/B  =  q/3.83kp  for  the 
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Figure  1.  Left  panel:  SAW  velocity  shift  and  transmitted  amplitude  for  a  3.4  GHz  SAW  at  120  mK  versus  magnetic  field  in 
wafer  A.  The  dotted  curves  represent  Av/v  and  amplitude  calculated  from  the  d.c.  conductivity.  Right  panel:  sound  velocity 
shift  versus  B-field  at  four  SAW  frequencies  demonstrating  geometric  resonances  developing  symmetrically  about  v  =  1/2  in 
wafer  B. 


principal  resonance  positions,  corresponding  to  resonance 
of  the  CF  cyclotron  orbit  with  a  single  SAW  wavelength. 
This  commensurability  of  the  cyclotron  orbits  and  .the 
wavelength  allows  measurement  of  the  quasiparticle  kF, 
which  closely  matches  [6]  the  value  prescribed  by  the 
electron  system  real  density  n,  with  k F  =  (47r«)1/2. 

We  have  further  developed  the  SAW  technology  and 
have  studied  the  2DES  conductivity  up  to  10.7  GHz, 
corresponding  to  a  wavelength  of  ~2700  A.  These  results 
demonstrate  geometric  resonance  structure  at  multiple  even- 
denominator  filling  factors,  show  both  secondary  and 
principal  resonances  at  v  =  1/2,  and  most  importantly 
reveal  a  fundamental  inconsistency  with  the  effective  mass 
measurements  [7]  using  simple  d.c.  transport. 

The  higher  sample  density  and  smaller  SAW  wave¬ 
lengths  allow  observation  of  both  principal  and  secondary 
resonances  around  1/2,  corresponding  to  commensurabil¬ 
ity  of  the  cyclotron  orbits  with  both  one  and  two  SAW 
wavelengths  (see  figure  2).  The  resonance  structure  agrees 
with  the  theoretical  curve  using  experimentally  derived  val¬ 
ues  of  quasiparticle  mean  free  path  and  electron  density 
inhomogeneity  (see  [7]).  The  conditions  necessary  for 
resonance  observation  place  constraints  on  the  quasipar¬ 
ticle  cyclotron  frequency,  and  therefore  the  mass.  In  or¬ 
der  to  observe  a  resonance,  the  SAW  must  present  to  the 
quasiparticle  orbits  a  static  spatial  wave,  similar  to  a  grat¬ 
ing;  quantitatively  this  is  equivalent  to  co*  &>saw>  and 
v*  uSAw-  Given  observation  of  the  resonances  with  high 
resolution,  we  then  compare  these  satisfied  constraints  to 


the  effective  mass  as  derived  from  d.c.  transport  studies  on 
these  same  samples.  By  measuring  activation  energies  and 
Shubnikov-de  Haas  amplitudes  of  the  fractional  quantum 
Hall  effect  (FQHE)  states  as  done  previously  [8],  we  ex¬ 
tract  cyclotron  frequency  and  effective  mass  values  over 
a  magnetic  field  range  near  the  SAW  resonance  positions 
(see  figure  2,  right  panel).  The  resonance  positions  in  the 
5-field  are  marked  on  the  same  scale  showing  the  SAW 
frequency  and  the  composite  fermion  cyclotron  frequencies 
for  masses  me  and  1.4me.  This  corresponds  to  the  range  of 
masses  derived  from  d.c.  transport  (shown  to  the  left).  We 
find  that  these  mass  values  are  too  large  to  be  consistent 
with  observation  of  the  SAW  resonances.  As  shown  in  the 
figure,  when  a  quasiparticle  mass  of  1.4me  is  used,  both 
the  cyclotron  frequencies  at  the  principal  and  secondary 
resonance  positions  are  less  than  or  nearly  equal  to  the 
SAW  frequency,  thus  violating  the  static  wave  constant  of 
CO*  ft>SAW- 

The  origin  of  the  inconsistency  is  unclear.  Three 
possibilities  exist:  the  d.c.  transport  derived  effective 
mass  is  wrong,  the  conditions  considered  above  to  be 
necessary  for  resonance  observation  are  incorrect,  or  a 
different  cyclotron  frequency  is  applicable  for  the  d.c. 
transport  and  the  SAW.  As  such,  these  results  provide  a  new 
circumstance  for  theoretical  evaluation  of  the  composite 
fermion  dynamics  over  the  magnetic  field  spectrum. 

Geometric  resonances  can  be  observed  at  multiple  even- 
denominator  filling  factors  using  large- wave  vector  SAW. 
As  was  the  case  for  v  =  1/2,  resonance  structure  appear 
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Figure  2.  Left  panel:  sound  velocity  shift  versus  effective  6-field  for  a  10.7  GHz  SAW  around  v  =  1/2  demonstrating  both 
principal  and  secondary  geometric  resonances.  The  dotted  curve  is  a  theoretical  fit  as  outlined  in  [7],  Right  panel:  energy 
gap,  cyclotron  energy  and  effective  mass  as  derived  from  d.c.  transport.  The  cyclotron  frequency  using  m*  =  1.0/ne  and 
1.4me,  with  me  the  electron  mass,  is  compared  with  the  SAW  frequency  in  the  upper  right.  The  vertical  lines  mark  the  6-field 
positions  of  the  geometric  resonances  shown  in  the  left  panel. 


MAGNETIC  FIELD  (kG) 


Figure  3.  Geometric  resonance  structure  around  filling  factors  3/2,  3/4  and  1/4.  The  data  for  3/2  and  3/4  are  from  a  SAW 
frequency  of  10.7  GHz.  The  data  in  the  right  panel  for  v  =  1/4  are  from  an  8.5  GHz  SAW  using  a  different  wafer. 
Temperatures  in  both  are  about  130  mK. 


within  the  enhanced  conductivity  feature  (minimum  in 
Av/v)  for  filling  factors  3/2,  3/4  and  1/4  (see  figure  3). 
The  positions  in  magnetic  field  of  the  resonances  at  3/2 
provide  a  measure  of  the  Fermi  wavevector  for  this  filling 
factor:  the  measured  k p  corresponds  to  a  filled  lower  spin 
state  and  a  half-filled  upper  energy  spin  state.  The  accuracy 
of  this  determination  of  the  spin  state  filling  is  limited 
by  the  accuracy  with  which  the  resonance  position  can  be 
assigned  in  conjunction  with  the  weak  dependence  of  Fermi 


wavevector  on  density,  kF  =  (4 jt«)1/2.  The  resonance 
positions  can  only  be  determined  to  about  an  accuracy  of 
10%  from  the  data  shown,  which  translates  to  an  accuracy 
in  density  determination  of  about  20%.  Therefore,  the  data 
show  that  the  lower  spin  state  is  filled  and  the  upper  spin 
state  is  empty  within  an  error  that  could  allow  up  to  a 
mixed  spin  state  population  of  about  20%.  If  indeed  the 
lower  spin  state  is  fully  populated,  this  is  contrary  to  recent 
d.c.  transport  measurements  [9]  that  indicate  a  mixed  spin 
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Figure  4.  SAW  velocity  shift  for  a  900  MHz  SAW  at 
300  mK  in  an  ultra-low-density  heterostructure,  clearly 
demonstrating  composite  fermion  Fermi  surface  effects  at 
0.8  T  and  the  FQHE  at  1.2  T. 


configuration  at  v  —  3/2.  The  aetiology  of  this  discrepancy 
is  not  known.  The  enhanced  conductivity  at  filling  factors 
3/4  and  1/4  (figure  3)  is  resolved  into  broad  resonance 
structures  with  peaks  occurring  at  effective  magnetic  fields 
predicted  by  theory  and  consistent  with  the  resonance 
positions  at  v  =  1/2.  These  resonances  are  notably 
broader  than  both  the  1/2  and  3/2  structures  and  imply 
that  the  Chern-Simons  gauge  transformation  employing  a 
greater  number  of  flux  quanta  is  more  susceptible  to  density 
variations. 

The  results  of  these  experiments  and  other  investiga¬ 
tions  elicit  some  of  the  major  questions  related  to  our  un¬ 
derstanding  of  these  new  quasiparticles  and  their  interac¬ 
tions.  Two  important  concerns  in  this  picture  of  the  fermion 
Chern-Simons  construction  are  (i)  what  is  the  effective 
mass  of  the  quasiparticle  and  what  determines  this  mass, 
and  (ii)  what  is  the  structure  of  the  composite  fermion,  or 
more  specifically,  at  what  point  does  a  mean-field  construc¬ 
tion  break  down.  The  latter  question  relates  to  the  nature  of 
scattering  by  the  gauge  field,  which  experimentally  is  thus 
far  the  principal  differentiation  between  composite  fermion 


dynamics  and  those  of  the  electron.  In  an  attempt  to  answer 
these  issues,  and  as  progressively  larger-wavevector  SAW 
have  revealed  more  properties  of  these  quasiparticles,  it  is 
reasonable  to  attempt  to  push  the  length  scale  of  the  SAW 
toward  the  fundamental  length  scale  of  the  2D  system, 
its  Fermi  wavevector.  The  SAW  experiments  performed 
to  date  have  all  operated  in  the  hydrodynamic  limit,  with 
kF  &SAW-  If  A  is  technologically  possible  to  move  into 
the  regime  of  /csaw  >  &f>  then  the  SAW  method  may  in 
effect  become  a  structural  probe.  While  we  have  succeeded 
in  increasing  the  SAW  wavevector  substantially,  figure  4 
demonstrates  another  step  toward  reaching  this  structural 
probe  regime.  The  figure  shows  relatively  low-wavevector 
SAW  measurements  of  an  ultra-low-density  heterostructure. 
Note  the  features  of  the  integral  quantum  Hall  effect  at 
v  —  1  and  2  and  the  clear  response  at  filling  factor  1/3. 
Remarkably,  enhanced  conductivity  at  v  =  1/2  is  also 
apparent,  occurring  at  a  magnetic  field  of  only  0.S  T.  This 
low  density  corresponds  to  a  composite  fermion  Fermi 
wavevector  of  about  35  jtm-1;  a  10  GHz  SAW  has  a 
wavevector  of  22  jam- 1 .  With  further  development  of  high- 
quality,  low-density  heterostructures,  and  advances  in  SAW 
technology,  structural  studies  of  the  correlated  electron 
system  may  become  a  possibility. 
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Abstract.  Measurements  of  the  temperature-dependent  resistivity  of  high-mobility 
GaAs/GaAIAs  heterojunctions  are  used  to  measure  the  effective  mass  of 
Composite  Fermions  (CF).  The  CF  effective  mass  is  found  to  increase 
approximately  linearly  with  the  effective  field  B*  up  to  effective  fields  of  14  T.  Data 
from  all  fractions  around  y  =  1/2  are  unified  by  the  single  parameter  B *  for  samples 
studied  over  a  wide  range  of  temperature.  The  energy  gap  is  found  to  increase  as 
VS*  at  high  fields.  Hydrostatic  pressure  is  used  to  reduce  the  value  of  the  electron 
gr-factor,  and  this  is  shown  to  have  a  large  effect  on  the  relative  strengths  of 
different  fractions.  By  13.4  kbar,  where  the  Zeeman  energy  is  only  1/4  of  its  value 
at  0  bar,  fractions  with  odd  numerators  are  found  to  be  strongly  suppressed,  and 
new  features  with  even  numerators  appear.  The  energy  gaps  measured  for  5/3  as 
a  function  of  carrier  density  and  pressure  are  consistent  with  a  g-factor  equal  to  the 
bulk  value  enhanced  by  a  factor  of  two  due  to  exchange  interactions. 


The  fractional  quantum  Hall  effect  has  been  known  for 
many  years  [1,2],  but  our  picture  of  the  phenomenon  is 
changing  rapidly  due  to  the  introduction  of  the  Composite 
Fermion  (CF)  model  [3,4],  In  this  model  the  Coulomb 
interaction  of  one  electron  with  all  the  others  is  replaced 
with  a  Chern-Simons  gauge  field,  equivalent  to  attaching 
an  even  number  (2m)  of  flux  quanta  (d>o  =  h/e)  to  each 
electron.  In  a  mean  field  approximation  the  gauge  field 
exactly  balances  the  external  field  at  filling  factor  v  =  1  /2m 
where  the  system  of  interacting  electrons  in  high  magnetic 
field  is  replaced  by  one  of  independent  CFs  in  zero  field.  At 
other  filling  factors  there  are  more  (or  fewer)  flux  quanta 
than  required  to  cancel  the  gauge  field  and  the  CFs  see 
an  effective  magnetic  field,  B*  =  B  —  2«id>o«e-  This 
leads  to  quantization  of  the  CF  energy  into  Landau  levels 
(LLs)  and  gaps  open  in  exact  analogy  with  the  integer 
quantum  Hall  effect  (IQHE)  of  non-interacting  electrons. 
Thus  the  FQHE  (fractional  QHE)  may  be  simply  regarded 
as  the  IQHE  of  composite  fermions.  This  behaviour  is 
illustrated  in  figure  1,  which  shows  the  resistivity  of  a 
high-mobility  GaAs/GaAIAs  heterojunction  as  a  function 
of  the  magnetic  field,  written  in  terms  of  the  density  of 
flux  quanta  per  electron.  In  the  region  0  <  B/ne  <  1 
we  see  the  Shubnikov-de  Haas  oscillations  of  the  single- 
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particle  electrons,  while  from  1  <  B/ne  <  3,  corresponding 
to  —1  <  B*/ne  <  1,  we  see  the  Shubnikov-de  Haas 
oscillations  of  the  first  generation  (m  =  1)  composite 
fermions.  From  3  <  B/ne  <4,  corresponding  to 
—  1  <  B*/nc  <  0,  we  see  second-generation  (m  =  2) 
oscillations.  This  picture  becomes  more  complex  in  the 
regions  of  0.5  <  B,  B*/ne  <  1  when  regarded  in  detail, 
since  further  features  appear  at  fractions  such  as  4/3  and 
5/3  and  their  higher-generation  analogues  5/7  and  4/5.  In 
this  case  mixed  states  appear  which  consist  of  filled  levels 
of  more  than  one  type  of  particle,  such  as  single-particle 
electrons  in  a  filled  Landau  level  and  CF  states  formed  from 
the  remaining  electrons. 

By  treating  the  FQHE  features  in  pxx  as  CF  Shubnikov- 
de  Haas  oscillations,  it  is  possible  to  deduce  an  effective 
mass  of  the  CF  particles  [5-8]  by  analysing  the  temperature 
dependence  of  the  oscillation  amplitudes  [9].  Work  on  low- 
density  samples  suggested  that  the  effective  mass  M*  could 
be  described  by  the  relation  M*  =  0.51  +  (0.074)5*,  in 
units  of  the  free  electron  mass  me.  The  same  dependence 
was  found  for  positive  and  negative  values  of  B*,  and  the 
mass  values  from  samples  with  ne  differing  by  a  factor 
of  two  was  found  to  be  the  same  at  a  given  value  of  B* . 
There  have  also  been  reports  that  the  mass  may  diverge  as 
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Figure  1.  A  plot  of  the  FQHE  features  in  a  GaAs/AIGaAs 
heterojunction  with  a  carrier  density  of  9  x  1010  cm-2 
measured  at  97  mK.  The  data  have  been  replotted  as  a 
function  of  magnetic  field  to  emphasize  the  symmetry  of 
the  oscillations. 

v  =  1/2  is  approached  [6-8],  where  the  oscillations  in  pxx 
are  weak.  Studies  of  the  mass  have  recently  been  extended 
to  much  higher  densities  by  the  use  of  pulsed  magnetic 
fields  up  to  50  T,  combined  with  3He  temperatures  [10].  In 
these  measurements  good  thermal  equilibrium  was  ensured 
by  immersing  the  sample  in  liquid,  and  using  low  measuring 
currents  and  keeping  induced  voltages  to  a  minimum  during 
the  10  ms  duration  pulses.  Some  typical  experimental 
recordings  are  shown  in  figure  2,  for  samples  with  carrier 
densities  of  3.2  and  4.8  x  1011  cm-2.  The  oscillations  in 
resistivity  are  analysed  using  the  Ando  formula  [9], 
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Figure  2.  Typical  experimental  traces  taken  in  two 
GaAs/AIGaAs  heterojunctions  with  carrier  densities  of  3.0 
and  4.8  x  1011  cm-2  measured  in  a  pulsed  magnetic  field 
as  a  function  of  temperature. 

of  v  —  1/2  with  effective  fields  in  opposite  senses.  This 
provides  a  simple  demonstration  of  the  symmetry  of  the 
states  about  v  =  1/2  which  is  consistent  with  the  CF  model, 
rather  than  that  of  particle-hole  conjugation  where  states 
of  common  denominator  q  (for  example  1  /3  and  2/3)  look 
similar.  In  the  low-density  limit  all  states  tend  to  the  same 
effective  mass,  but  the  lower-index  CF  Landau  levels  show 
an  increasing  ‘non-parabolicity’.  By  ne  =  3xl0u  cm-2  the 
effective  masses  for  1/3  and  2/3  differ  by  approximately 
40%.  In  addition,  the  gradients  of  each  line  in  figure  3 
show  an  accurate  (±  2%)  1  / p  dependence.  The  CF  mass 
may  therefore  be  described  by  the  expression 
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where  X  =  fha>e  and  coc  =  eB/m*  is  the  cyclotron 

frequency.  For  composite  fermions  we  replace  B  by 
B*,v  by  v*,m*  by  M*  and  rq  by  Tq.  The  analysis  was 
performed  on  the  features  that  are  large  at  low  temperature 
for  the  range  of  conditions  corresponding  to  Ap/p  <  0.5, 
where  the  oscillations  are  only  a  weak  modulation  of  the 
conductivity  and  the  higher  harmonics  can  be  neglected. 

The  results  of  the  analysis  are  shown  in  figure  3  as 
a  function  of  ne  for  several  different  fractions.  There 
is  no  unique  ne  dependence  covering  all  fractions,  but  it 
can  clearly  be  seen  that  instead  the  mass  values  fall  in 
pairs,  corresponding  to  states  with  a  common  numerator 
p,  for  example  2/3  and  2/5.  These  have  equal  numbers 
of  occupied  CF  Landau  levels,  but  occur  on  either  side 


in  units  of  me,  with  ne  in  units  of  1011  cm-2. 

The  dependence  of  M*  on  B*  is  shown  in  figure  4(a) 
for  a  wide  range  of  samples,  which  shows  that  there 
is  a  simple  functional  dependence  of  M*  on  the  single 
parameter  B*,  covering  moe  than  a  factor  of  25  variation 
in  B*.  The  measurement  of  M*  is  equally  a  measurement 
of  the  CF  cyclotron  energy  E*  =  TieB*/M*.  This  E* 
is  equivalent  to  what  would  previously  have  been  known 
as  the  FQHE  energy  gap  A,  for  a  sample  with  infinitely 
narrow  levels.  In  figure  4(b)  we  show  E*  as  a  function  of 
B*  for  all  of  the  samples  studied.  The  increase  of  M*  with 
field  necessarily  means  that  E*  shows  a  sublinear  increase 
with  effective  field.  The  broken  curve  in  figure  4(b)  is  a 
fit  to  the  data  with  E*  =  a-jB*,  where  a  =  3.3  K  T ~x!2. 
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Figure  3.  The  CF  effective  mass  as  a  function  of  carrier 
density  for  different  fractions.  The  full  lines  show  least 
squares  fits. 

Although  this  is  not  the  function  generated  by  a  mass  that 
increases  linearly  from  an  offset  zero,  above  a  value  of 
B*  =  1  T  there  is  remarkably  good  agreement  with  this 
single  dependence  on  B*  alone. 

The  FQHE  is  the  result  of  a  many-body  Coulomb 
interaction,  and  so  theoretically  we  would  expect  the 
energy  gaps  to  scale  with  a  relation  of  the  form 
A  =  Cve2/(4jt£E0lo),  where  /o  is  the  cyclotron  radius 
(proportional  to  the  interparticle  spacing)  and  Cv  is  a  fixed 
coefficient,  different  for  each  fraction.  Halperin  et  al  [4] 
have  used  this  relationship  and  argued  on  dimensional 
grounds  that  the  high-field  limit  of  M*  should  show  a  <fB 
dependence  with  changing  carrier  density  through  Iq.  This 
corresponds  to  a  \[H  dependence  for  both  E*  and  M*  for 
any  given  fraction,  but  our  results  suggest  that  there  is  not 
a  single  functional  dependence  on  ne  but  instead  on  B* . 

For  fractions  at  values  of  occupancy  greater  than  1 
the  picture  is  more  complex,  since  both  spin  states  of  the 
lowest  single-particle  Landau  level  must  have  some  finite 
occupancy.  It  has  long  been  known  that  increasing  the 
value  of  the  spin  splitting  by  tilting  the  sample  relative  to 
the  applied  magnetic  field  can  influence  the  relative  strength 
of  the  FQHE  states  [11—13].  Recently  Du  et  al  [14]  have 
shown  that  for  fractions  greater  than  1  it  is  possible  to 
analyse  the  CF  states  as  the  oscillations  due  to  CF  holes 
with  a  concentration  Ah*  =  2B/<P0  —  ne  in  an  effective  field 
B*  =  2rze<I>o  —  3 B.  In  this  picture  the  5/3  state  consists 
of  a  single  occupied  hole  CF  Landau  level,  with  its  gap 
determined  by  the  smaller  of  E*  and  the  Zeeman  energy 
g*p%B,  while  4/3  has  two  occupied  levels,  which  for  the 
untilted  case  represents  an  unpolarized  state  with  one  level 
from  each  spin.  On  increasing  the  Zeeman  energy  by  tilting, 
the  two  families  of  CF  Landau  levels  move  through  each 
other  causing  features  with  odd  and  even  numbers  of  filled 
CF  levels  to  oscillate  in  strength.  This  led  them  to  deduce 
a  value  for  g*  of  0.61  +  0.087 B*  for  one  density. 

In  this  paper  we  have  varied  both  the  carrier  density 
and  studied  the  effects  of  decreasing  the  Zeeman  energy 


Effective  Field  (T) 


Figure  4.  (a)  The  effective  mass  as  a  function  of  effective 
field  B*  for  the  family  of  fractions  around  v  =  1  /2  for  a  range 
of  different  samples  with  different  carrier  densities.  ( b )  The 
CF  effective  gaps  deduced  from  the  effective  masses  as  a 
function  of  effective  field  for  the  same  samples  as  in  (a). 
The  full  and  broken  curves  are  discussed  in  the  text. 

by  the  use  of  hydrostatic  pressure.  Applying  pressure 
decreases  the  g-factor  for  electrons  via  the  well  known  k-p 
perturbation  theory  expression  [15] 

where  the  increase  in  bandgap  due  to  the  application 
of  pressure  causes  the  g-factor  to  pass  through  zero  in 
the  region  of  17  kbar  for  GaAs.  Figure  5  shows  the 
resistivity  for  a  sample  with  a  zero-pressure  carrier  density 
of  3  x  10u  cm-2  for  four  different  pressures  from  0 
to  13.4  kbar.  As  the  pressure  increases,  the  maximum 
achievable  carrier  density  falls,  due  to  the  decrease  of  the 
band  offset  difference  between  the  GaAs  and  the  AlGaAs 
barrier,  and  by  13.4  kbar  has  almost  halved.  The  curves  are 
shown  normalized  to  the  level  occupancy.- Several  features 
are  apparent.  First,  the  fractions  with  odd  values  of  the 
numerator  show  a  decrease  in  strength  which  is  particularly 
pronounced  in  the  region  1  <  v  <  2.  For  example 
the  states  at  5/3  and  7/5  almost  completely  disappear  by 
13.4  kbar.  Secondly,  there  is  an  enhancement  for  most 
of  the  even-numerator  states,  and  new  states  appear  such 
as  4/5  and  6/5.  Finally  there  is  a  decrease  in  the  width 
of  the  resistivity  minimum  at  v  =  1.  This  behaviour 
illustrates  the  important  role  played  by  the  Zeeman  energy 
in  determining  the  behaviour  of  the  different  states.  By 
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Figure  5.  The  resistivity  as  a  function  of  normalized  magnetic  field  for  a  GaAs/AIGaAs  heterojunction  with  a  carrier  density  of 
3.0  x  1011  cm-2  at  zero  pressure,  which  falls  to  2.1,  1.87  and  1.6  x  1011  cm-2  at  pressures  of  6,  9  and  13.4  kbar. 


Pressure  (kbar) 

Figure  6.  The  effective  g-factor  as  a  function  of  pressure,  deduced  by  putting  the  CF  energy  gap  E*  =  where  B  is 

the  total  magnetic  field. 

13.4  kbar  we  estimate  using  equation  (3)  that  the  GaAs  g-  is  an  unpolarized  level  with  an  energy  gap  determined  by 
factor  has  fallen  to  a  value  of  order  0.1  or  less,  which  means  the  difference  of  the  CF  cyclotron  energy  and  the  Zeeman 

that  for  the  sample  studied  here  the  Zeeman  energy  is  only  energy.  Measuring  the  gaps  by  fitting  the  temperature 

of  order  0.3  K  in  the  region  of  v  =  3/2,  much  less  than  the  dependence  of  the  oscillation  minima  as  described  above 

activation  energies  of  all  of  the  fractions  studied.  Under  allows  us  to  define  an  effective  g-factor  for  the  system  from 

these  conditions  it  appears  as  if  the  system  is  behaving  g*gt%B  =  E*,  where  it  should  now  be  remembered  that  we 

as  doubly  degenerate  2D  layer,  with  strong  fractions  only  are  using  the  total  magnetic  field,  and  not  B*.  The  results 

given  by  two  times  the  usual  occupancies.  of  such  an  analysis  are  shown  in  figure  6  for  several  of  the 

To  analyse  the  pressure  dependence  of  the  energy  gaps,  minima  around  v  =  3/2.  The  effective  g-factor  measured 

we  use  the  same  level  scheme  as  proposed  by  Du  et  al  from  5/3  shows  a  steady  decrease  with  pressure,  following 

[14],  which  indicates  that  5/3  corresponds  to  the  Zeeman  quite  closely  the  calculated  decrease  in  the  single-particle 

energy  gap  between  the  last  two  CF  landau  levels  of  the  value  for  GaAs,  but  assuming  an  exchange  enhancement 

two  spin  states  with  a  polarized  ground  state,  while  4/3  [16]  by  a  factor  of  two  due  to  the  polarization  of  the  system. 
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By  contrast  4/3  shows  a  steady  increase  [17],  due  to  the 
fall  in  Zeeman  energy,  and  since  this  state  is  unpolarized 
the  increase  follows  the  calculated  values  using  the  bare 
value  of  the  bulk  g-factor.  Further  confirmation  of  this 
picture  comes  from  a  study  of  the  carrier  concentration 
dependence  of  the  magnitude  of  the  5/3  gap  [18],  which 
increases  almost  linearly  with  carrier  density,  and  thus  total 
magnetic  field,  consistent  with  a  constant  value  of  the  g- 
factor  of  0.85. 

Returning  to  the  minimum  at  v  =  1 ,  we  see  that  there  is 
a  steady  decrease  in  width  with  pressure,  but  the  rate  of  fall 
is  considerably  less  than  the  decrease  in  the  magnitude  of 
the  calculated  Zeeman  energy.  This  behaviour  is  probably 
related  to  the  formation  of  a  residual  Coulomb  gap  even 
for  zero  g-factor,  as  found  in  double-layer  systems  [19]. 

These  preliminary  measurements  indicate  that  a  full 
understanding  of  the  role  of  the  Zeeman  energy  in 
determining  the  CF  properties  will  be  vital. 
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Abstract.  We  report  on  transverse  magnetic  focusing  experiments  in  arrays  of 
equidistant  constrictions  with  centre-to-centre  constriction  spacings  L  varying  from 
500  nm  to  1.2  n m  in  the  vicinity  of  the  Landau  level  filling  factor  v  =  \  of  a 
two-dimensional  electron  system.  Provided  the  composite  fermion  mean  free  path 
is  comparable  to  L,  focusing  is  observed  for  both  effective  magnetic  field  directions. 
The  non-uniform  electron  distribution  with  a  saddle  point  in  the  middle  of  each 
constriction,  and  the  associated  inhomogeneous  effective  magnetic  field  for  the 
composite  fermions,  invokes  characteristic  differences  in  the  composite  fermion 
focusing  spectra  compared  with  the  electron  focusing  spectra  near  zero  magnetic 
field.  These  changes  are  well  predicted  by  quasi-classical  calculations  of  the 
composite  fermion  dynamics  in  the  corresponding  potential  landscape. 


1.  Introduction 

The  composite  fermion  (CF)  picture  of  the  fractional 
quantum  Hall  effect  (FQHE),  initiated  by  Jain  [1],  attempts 
to  reconcile  the  apparent  phenomenological  similarity 
between  the  fractional  and  integer  quantum  Hall  effects 
(IQHE),  despite  their  entirely  different  microscopic  origin. 
While  the  IQHE  can  be  explained  satisfactorily  in  terms 
of  non-interacting  electrons  in  a  magnetic  field,  the  FQHE 
exists  only  because  of  electron-electron  interactions.  The 
CF  model  asserts  that  a  quantum  Hall  liquid  of  electrons 
at  filling  factor  v  =  \  can  be  described  in  a  mean  field 
sense  as  a  Fermi  liquid,  with  a  well  defined  Fermi  surface 
at  zero  effective  magnetic  field,  of  CFs,  each  consisting  of 
an  electron  and  two  nucleated  flux  quanta  by  virtue  of  the 
electron-electron  interaction  [1,2].  Away  from  v  =  |  the 
CFs  experience  an  effective  magnetic  field  Bcft  (Beff  >  0 
for  v  <  \  and  Z?eff  <  0  for  v  >  |)  and  Landau  levels 
of  CFs  are  formed.  The  series  of  FQHE  liquids  may 
thus  be  regarded  as  a  manifestation  of  the  IQHE  of  CFs. 
Particularly  appealing  experiments  to  provide  evidence  for 
the  existence  of  CFs  are  those  that  also  have  been  used  in 
the  past  for  electrons  to  show  their  quasiclassical  behaviour 
in  the  ballistic  transport  regime,  such  as  commensurability 
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oscillations  in  ID  and  2D  periodic  structures  and  transverse 
magnetic  focusing.  There  is  mounting  evidence  that  this 
CF  quasiparticle  picture  is  surprisingly  adequate  and  that 
quasiclassical  dynamics  governs  their  motion  [3-6], 

We  have  investigated  the  magnetoresistance  Rxx  in 
arrays  of  constrictions  with  different  spacing.  The 
geometry  resembles  closely  that  of  a  previous  experiment 
by  Nakamura  etal  [7]  and  exhibits  large  electron  transverse 
magnetic  focusing  peaks.  It  lends  itself  to  ensemble 
averaging  in  a  single  measurement  to  effectively  suppress 
conductance  fluctuations  which  may  disturb  the  observation 
of  CF  magnetic  focusing  peaks  [6].  Provided  that  the 
constriction  spacing  remains  comparable  to  the  CF  mean 
free  path,  CF  magnetic  focusing  is  observed,  confirming 
that  the  CF  model  properly  captures  the  essential  physics 
in  the  vicinity  of  v  =  Moreover,  to  retain 

optimal  resolution  of  focusing  peaks,  the  constriction  width 
is  kept  small,  causing  a  saddle-point  potential  in  the 
constriction  region.  This  translates  into  an  inhomogeneous 
effective  magnetic  field  for  CFs  and  invokes  characteristic 
changes  in  the  CF  focusing  spectrum  compared  to  that 
of  electrons.  Remarkable  agreement  is  found  with 
quasiclassical  simulations  of  the  CF  dynamics  in  such  a 
potential  profile. 
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2.  Experimental  details 

The  experiments  were  performed  on  a  high-mobility  GaAs- 
AlGaAs  heterojunction  with  the  2DEG  located  100  nm 
underneath  the  sample  surface.  The  samples  were 
shaped  into  Hall  bar  geometries  using  standard  lithographic 
techniques  and  alloyed  AuGe/Ni/Au  contact  pads.  Prior  to 
electron-beam  lithography  and  after  brief  illumination  with 
a  red  light-emitting  diode  (LED),  the  areal  density  ne  and 
electron  mobility  /i  at  zero  magnetic  field  and  1.3  K  were 
respectively  1.9  x  1011  cm-2  and  2.4  x  106  cm2  V-1  s-1. 
From  the  longitudinal  resistivity  at  filling  factor  v  =  | 
one  estimates  a  CF  mean  free  path  of  500  nm,  contrasting 
sharply  with  the  electron  mean  free  path  of  »17  gm  at  zero 
magnetic  field.  Arrays  of  abutted  cavities  were  defined 
by  electron-beam  lithography.  As  illustrated  in  figure  1, 
they  consist  of  three  rows  in  series,  each  5  gm  apart, 
of  ten  square  cavities  in  parallel  with  lengths  L  varying 
from  500  nm  to  1.2  gm.  After  development,  the  PMMA 
resist  was  used  as  a  mask  for  a  reactive  ion  etch  in  a  SiCl4 
plasma  of  the  ~100  nm  wide  trenches  forming  the  cavity 
boundaries.  The  constrictions  of  the  cavities  have  a  width 
W  of  approximately  230  nm.  The  samples  were  mounted  in 
a  dilution  refrigerator  with  an  1 8  T  superconducting  coil  and 
with  the  externa]  magnetic  field  perpendicular  to  the  2DEG. 
Four-point  longitudinal  magnetoresistance  measurements, 
as  sketched  in  figure  1(b),  of  the  cavity  arrays  and  an 


Figure  1.  (a)  Scanning  electron  micrograph  of  a  3  x  10 
square  cavity  array  (only  two  rows  shown)  with  a  period  L 
of  500  nm  and  a  row  distance  of  5  gm.  Representative 
transverse  magnetic  focusing  trajectories  F,j  for  harmonic 
index  i  and  subharmonic  index  j  have  been  added. 

(b)  Measurement  configuration  for  the  four-point 
magnetoresistance  Rxx  =  V /!.  The  electrons  are  focused 
in  a  cavity  enhance  R **.  (c)  An  enlargement  under  an 
angle  of  75c  of  a  700  nm  cavity  with  a  lithographic  opening 
width  W  of  230  nm. 


adjacent  reference  section  of  the  Hall  bar  were  compared 
at  low  magnetic  fields  and  in  the  vicinity  of  filling  factor 
v  =  i.  During  the  initial  cool-down  the  constrictions 
pinched  off,  but  became  conducting  after  illumination  with 
a  short  red  LED  light  pulse. 

3.  Experimental  results 

Figure  2  presents  the  magnetoresistance  Rxx  of  an  L  = 
500  nm  cavity  array  in  comparison  with  Rxx  of  a 
reference  section,  devoid  of  cavities,  on  the  same  Hall 
bar.  Pronounced  differences  occur  near  B  —  0  and  in 
the  vicinity  of  v  =  j.  The  magnetic  field  position  BX/ 2 
at  half  filling  was  defined  from  nearby  well  developed 
FQHE  features  with  an  uncertainty  of  ±50  mT.  Expanded 
views  near  5  =  0  and  around  v  —  \  for  the  500  and 
700  nm  cavity  arrays  are  shown  in  figure  3.  The  electron 
transport  data  were  taken  for  both  positive  and  negative 
magnetic  fields.  The  resistance  maxima  around  B  —  0 
are  clearly  identifiable  as  transverse  magnetic  focusing. 
They  occur  whenever  the  following  matching  condition  is 
satisfied  between  the  centre-to-centre  constriction  spacing 
L  and  the  electron  cyclotron  radius  Rec  [8]: 

2 R‘i  =  jL  with  i,  j  —  1,2,...  (1) 

for  which  electrons  ejected  from  a  cavity  opening  are 
fociised  back  into  another  opening,  resulting  in  a  resistance 
maximum.  For  j  >  1,  electrons  skip  j  —  1  openings 
and  are  focused  into  the  yth  nearest  neighbouring  cavity. 


Figure  2.  The  magnetoresistance  Rxx  of  an  L  =  500  nm 
cavity  array  (solid  curve)  is  compared  with  that  of  the 
adjacent  unpatterned  reference  section  (broken  curve)  of 
the  Hall  bar  with  a  carrier  concentration  of 
1.5  x  10”  cm'2 — after  weak  illumination — at  180  mK  for 
magnetic  fields  up  to  18  T.  The  solid  trace  between  10  and 
12  T  is  enlarged  in  figure  3(a).  The  cool-down  procedure 
(for  a  description  see  [9]),  used  to  minimize  p£F,  accounts 
for  the  axis  break. 
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Figure  3.  Comparison  of  the  electron  (left  axes)  and  CF  (right  axes)  magnetic  focusing  spectra  for  L  =  500  nm  and  700  nm 
cavity  arrays  with  respective  carrier  concentrations — after  different  levels  of  illumination — of  1.4  x  1011  and  2.0  x  1011  cm  2. 
For  the  sake  of  comparison,  the  magnetic  field  scale  of  the  CF  curves  has  been  divided  by  and  shifted  horizontally  to 
make  By2  coincide  with  B  =  0.  The  CF  traces  show  pronounced  focusing  peaks  Fn  for  negative  (effective)  field  (v  >  1/2). 
For  the  L  =  1.2  ;.tm  cavity  (not  shown)  they  are  absent.  Only  a  weak  Fu  focusing  peak  can  be  discerned  in  (a)  for  a  positive 
effective  field.  The  bottom  curve  in  (a)  has  been  obtained  by  subtracting  a  linear  background  from  the  CF  curve  (x5,  10  k£2 
offset).  CF  curves  in  (b)  do  not  go  beyond  Seff  =  0.5  T  since  this  corresponds  to  the  maximum  field  of  our  magnet.  For  the 
CF  traces  in  (b)  the  less  pronounced  asymmetry  can  be  ascribed  to  a  reduced  saddle  potential  as  expected  for  a  larger  ns 
value.  The  temperature  dependence  of  Rxx  of  the  L  =  700  nm  cavity  array  near  v  =  1/2  has  been  indicated  (from  top  to 
bottom:  100,  320,  580,  700,  830  mK).  Subsequent  curves  have  a  resistance  offset  of  -200  £2  for  readability. 


Such  subharmonics  require  ballistic  transport  across  larger 
distances  and  cannot  be  resolved  for  CFs.  Therefore, 
hereafter  we  will  concentrate  on  the  harmonics  Fn.  For 
the  sake  of  comparison,  the  magnetic  field  axes  of  the  CF 
traces  have  been  divided  by  a  factor  of  ~Jl,  to  account 
for  full  spin  polarization  of  the  CF  sea  near  v  =  and 
concomitantly  shifted  downwards  to  make  j5i/2  coincide 
with  zero  magnetic  field.  One  notices  that  the  electron  and 
CF  fundamental  peak  (i  =  l,  j  =  1)  as  well  as  higher 
harmonics  (i  >  1,  j  =  1)  line  up,  confirming  the  validity 
of  the  weakly  interacting  CF  model.  For  a  cavity  array  with 
L  =  1.2  n m  no  focusing  maxima  could  be  discerned  (not 
shown).  The  CF  focusing  features  wash  out  upon  raising 
the  temperature  above  700  mK,  in  sharp  contrast  to  the 
electron  resonances  which  persist  up  to  temperatures  as 
high  as  20  K.  Despite  good  agreement  of  the  magnetic  field 
peak  positions,  inconsistencies  between  the  electron  and  CF 
focusing  features  are  obvious  to  the  eye,  namely:  (i)  more 
harmonics  appear  near  v  =  i  than  around  B  =  0  (for 
example  F3i  and  F4]  in  figure  3(b));  (ii)  different  strengths 
of  the  focusing  peaks  for  positive  and  negative  effective 
magnetic  fields  (Fn  is  weaker  in  figures  3(a)  and  2  for 
Beff  >  0);  (iii)  the  weak  damping  (Fn,  F2\  and  F3]  in 
figure  3(a))  or  even  increasing  instead  of  decreasing  heights 


of  the  focusing  peaks  for  increasingly  negative  effective 
field  (Fn,  F2]  and  F31  in  figure  3(b)). 

4.  Quasiclassical  calculations 

The  prevailing  differences  in  experiment  between  CF  and 
electron  magnetic  focusing  originate  from  the  CF  property 
that  a  non-uniform  electrostatic  potential  U(x,  y)  and  the 
associated  changes  in  the  particle  density  translate  into  a 
spatially  modulated  effective  magnetic  field  according  to  [4] 

Beff(x ,  y)  =  B°ct(  +  By 2  U(^-  (2) 

where  EF  is  the  Fermi  energy  and  B°ff  =  B  —  B 1/2  is 
the  effective  magnetic  field  far  away  from  the  soft  walls 
in  the  bulk  region.  A  quasiclassical  description  of  the  CF 
dynamics  is  feasible  because  the  unknown  dispersion  of  the 
CFs  does  not  affect  their  cyclotron  radius  or  the  path  of  their 
trajectories — even  in  an  arbitrary  potential  landscape — but 
only  their  velocities  [4].  Details  of  the  calculations  will  be 
given  elsewhere  [10]. 

We  use  a  simple  three-constriction  model  with  saddle- 
point  potentials  in  each  opening  (insets  of  figures  4  and  5). 
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Figure  4.  Phase-space  portraits  in  the  injection  plane  of  electrons  (left)  and  CFs  (right)  at  eight  different  magnetic  field 
values  (a-h)  corresponding  to  subsequent  minima  and  maxima  in  the  reflection  coefficient  R  as  indicated  in  figure  5.  In  each 
square  the  injection  plane  is  parametrized  by  the  y  position  (horizontal  axes,  -W /2  <  y  <  +  W  /  2)  in  the  central  opening  and 
the  injection  angle  a  (vertical  axes,  -n/2  <  a  <  +n/2).  These  initial  conditions  are  classified  by  the  final  destination  of  their 
trajectories  and  are  colour-coded  as  shown  in  the  inset  and  explained  in  the  text.  Coloured  areas  associated  with  the 
CF-focusing  commensurabiiity  have  been  indicated  by  solid  triangles  in  (b),  (d)  and  (f)  (not  distinguishable  in  (h)). 


At  a  fixed  external  magnetic  field,  trajectories  of  particles 
(either  electrons  or  CFs),  injected  in  the  central  opening 
(out  of  the  cavities  in  experiment)  as  a  function  of  the 
injection  angle  a  and  as  a  function  of  the  y  position  in 
the  central  opening,  are  traced.  They  can  be  classified 
in  the  following  colour-coded  bins  according  to  their  final 
destination  (figure  4):  reflected  particles  either  return  to 
the  injector  (green)  or  cross  the  left  (blue)  or  right  (red) 
constriction;  particles  that  do  not  return  through  any  of 
the  openings  contribute  to  the  net  current  (white).  The 
coordinate  system  was  chosen  such  that  for  an  electron 
(a  CF)  a  positive  (positive  effective)  magnetic  field  leads 
to  a  clockwise  rotation  of  the  electron  (CF).  The  bins 
in  injection  phase-space  of  the  different  trajectory  classes 
constructed  according  to  this  colour  code  are  illustrated  in 


figures  4(a-h)  for  eight  different  values  of  the  magnetic 
field  for  electrons  and  the  effective  magnetic  field  for 
CFs.  The  reflection  coefficient  R  at  a  specific  value  of 
the  (effective)  magnetic  field,  i.e.  the  probability  of  the 
trajectories  returning  through  any  of  the  three  openings, 
is  obtained  by  integrating  over  the  coloured  areas  in  the 
injection  plane  and  appropriate  normalization.  Figure  5 
shows  the  reflection  coefficient  for  two  different  saddle- 
point  potentials. 

The  simulations  reveal  the  following  differences  for 
CFs  compared  with  electrons.  CFs  ejected  from  the  left  side 
of  the  central  opening  have  a  high  probability  of  returning 
through  the  same  constriction  (green  phase-space  volume, 
for  example  for  fieff  =  0  in  figure  4(e))  since  the  positive 
effective  field  related  to  the  density  reduction  near  the  wall 
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Figure  5.  The  reflection  coefficient  R,  directly  proportional  to  the  coloured  areas  in  figure  4,  for  particles  injected  in  the 
central  opening  marked  by  an  arrow,  is  shown  for  (a)  electrons  versus  magnetic  field  and  (b)  CFs  versus  effective  magnetic 
field  in  units  of  B0  corresponding  to  a  cyclotron  diameter  L  far  from  the  constrictions.  The  three-constriction  model  potential  is 
described  by  U(x ,  y)  =  UoUx(x)Uy(y  —  L)Uy(y)Uy(y  +  L )  with  Ux(x )  =  1/[(x/ Ax)^  +  1  ],  Uy{y)  =  1  —  U-\/[(y/Ay)p  +  1],  p  =  4.0, 
Uo  =  2 Ef,  Ax  =  0.04L  and  Ay  =  0.19f  (see  insets).  The  widths  of  the  potential  wall  and  of  the  openings  are  controlled  by  Ax 
and  Ay  respectively.  The  saddle-point  height  is  determined  by  L/,.  Without  saddle  points  in  the  openings  one  finds  only  a 
very  weak  asymmetry  for  CFs  between  the  two  field  directions  as  suggested  by  the  calculations  for  two  different  saddle-point 
heights:  (7,  =  0.85  (solid  curve)  and  =  0.925  (broken  curve).  The  magnetic  field  values  for  which  the  colour-coded 
injection  planes  (for  the  solid  curve  with  (7,  =  0.85)  are  shown  in  figure  4  have  been  marked  by  symbols  (a-h).  The  insets  in 
(b)  show  the  different  types  of  trajectory  at  \B°n\  «  2hkF/eL  for  positive  (right)  and  negative  (left)  field  directions. 


succeeds  in  bending  CF  trajectories  to  their  point  of  origin. 
Trajectories  starting  on  the  right  side  of  the  opening  are 
likely  to  perform  a  skipping  motion  along  the  soft  wall 
and  eventually  enter  the  right  constriction  (red  phase-space 
volume,  for  example  for  Be ff  =  0  in  figure  4(e)).  These 
orbits  will  hereafter  be  referred  to  as  type  II  orbits.  They 
are  always  deflected  in  the  same  direction  irrespective  of 
the  effective  field  sign.  Therefore,  the  effective  opening 
width  is  reduced  by  almost  one  half,  since  a  large  phase- 
space  volume  is  occupied  by  orbits  that  do  not  contribute 
to  the  focusing  commensurability.  Because  a  reduction 
in  the  effective  constriction  width  enhances  the  focusing 
resolution,  one  anticipates  that  focusing  peaks  persist  across 
a  larger  magnetic  field  range  for  CFs  than  for  electrons. 
This  can  be  seen  in  figure  5  when  comparing  the  reflection 
coefficient  for  electrons  and  CFs  for  negative  fields  and 
agrees  with  the  experimental  observation  (i). 

For  appropriate  values  of  the  magnetic  field  a  fraction 
of  particles  is  focused  through  a  neighbouring  constriction 
and  a  complex  (blue  for  B,  Beff  <  0  and  red  for 
B,  Beff  >  0)  S-shape  develops,  signifying  that  the  magnetic 
focusing  condition  has  been  met.  The  injection  plane  areas 
associated  with  CF  focusing  are  marked  by  triangles  in 
figures  4(b,  d,  f).  Representative  orbits  (hereafter  referred 
to  as  type  I  orbits)  for  both  magnetic  field  directions  have 


been  sketched  in  the  insets  of  figure  5(b).  The  injection 
plane  area  related  to  CF  focusing  is  smaller  for  >  0 
(e.g.  compare  the  marked  region  in  figure  4(f)  for  B°ff  >  0 
with  figures  4(b,  d)  for  B%  <  0).  Contrary  to  type  II 
orbits,  type  I  orbits  are  deflected  in  the  opposite  direction 
when  changing  the  effective  field  sign.  These  type  I 
trajectories  descend  into  the  flat  region  and  therefore  may 
contribute  to  the  magnetic  focusing.  However,  for  positive 
B°ff  their  probability  of  crossing  the  saddle-point  region  into 
the  right-hand  opening  is  small  because  the  positive  field 
is  even  enhanced  in  this  region.  For  negative  effective 
fields,  B°ff  and  B]/2  have  opposite  signs  and  the  magnitude 
of  Beff(x,  y )  at  the  saddles  decreases  with  decreasing  B, 
allowing  more  and  more  CF  trajectories  of  type  I  to 
leave  the  injector  and  cross  the  left-hand  side  opening. 
These  arguments  account  for  the  asymmetry  and  the  weak 
damping  or  even  increasing  instead  of  decreasing  height  of 
the  focusing  peaks  for  increasingly  negative  j9°ff  observed 
in  the  reflection  coefficient  R  of  CFs  for  the  largest  saddle- 
point  height  (solid  curve)  in  figure  5(b)  and  the  experiment 
(ii-iii).  When  the  saddle  point  is  lowered,  the  symmetric 
behaviour  of  the  CF-focusing  peaks  is  recovered  as  shown 
in  figure  5(b)  (broken  curve). 

Both  electron  and  CF  traces  show  deviations  from  the 
focusing  condition  in  equation  (1).  The  downward  shift  of 
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the  peaks  for  electrons  is  associated  with  the  reduction  of 
the  Fermi  wavevector  keF  in  the  soft- wall  and  saddle  region. 
The  more  complex  behaviour  of  the  peak  position  as  well  as 
a  broadening  for  CFs  reflect  the  fact  that,  unlike  electrons, 
CFs  are  not  subject  to  a  constant  magnetic  field,  but  rather 
to  a  range  of  magnetic  field  strengths. 


5.  Conclusion 

In  summary,  transverse  magnetic  focusing  of  CFs  in 
constriction  arrays  has  been  observed.  The  resistance 
maxima  scale  properly  on  the  effective  magnetic  field  axis 
with  constriction  spacing,  and  line  up  with  the  traditional 
electron  focusing  peaks  provided  a  \/2  scaling  factor  is 
included  as  expected  from  the  full  spin  polarization  near 
filling  factor  v  =  |.  Contrary  to  a  previous  report  [6]  but 
in  agreement  with  conventional  expectations,  CF  focusing 
could  only  be  discerned  when  the  CF  mean  free  path 
is  large  or  comparable  to  the  constriction  spacing  and 
appears  for  both  negative  and  positive  effective  magnetic 
fields.  Finally,  quasiclassical  calculations  of  the  CF  and 
electron  dynamics  offer  strong  support  for  the  idea  that  the 
inhomogeneous  potential  across  each  constriction  and  in 
the  vicinity  of  the  cavity  walls  produces  the  characteristic 
changes  observed  in  the  experimental  CF  focusing  spectra 
compared  with  their  electron  counterparts. 
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Abstract.  We  review  our  recent  measurements  of  the  Knight  shift  {Ks(v,  T))  and 
spin-lattice  relaxation  time  (T|(v,  T))  of  the  71  Ga  nuclei  located  in  n-doped  GaAs 
quantum  wells  using  optically  pumped  NMR,  for  Landau  level  filling 
0.66  <  v  <  1.76  and  temperature  1.55  K  <  T  <  20  K.  Ks(v)  (oc  the  electron  spin 
polarization  (Sz(v)})  drops  precipitously  on  either  side  of  v  =  1,  which  is  evidence 
that  the  charged  excitations  of  the  v  =  '\  ground  state  are  finite-size  skyrmions.  For 
v  <  i,  the  data  are  consistent  with  a  many-body  ground  state  which  is  not  fully  spin 
polarized,  with  a  very  small  spin  excitation  gap  that  increases  as  v  ->  2/3. 


Electron— electron  Coulomb  interactions  are  known  to 
significantly  affect  the  physics  of  two-dimensional  electron 
systems  (2DES)  in  strong  magnetic  fields,  resulting  in  novel 
collective  phenomena  such  as  the  fractional  quantum  Hall 
effect  [1],  Halperin  [2]  was  the  first  to  point  out  that  these 
interactions  may  also  lead  to  significant  spin  reversal  in 
the  many-body  ground  state  and  low-lying  excited  states 
of  2DES,  since  for  typical  experimental  conditions  (for 
example  B  =  10  T)  in  GaAs,  the  Coulomb  energy 
( Ec  =  e2/KLc  =  13.7  MeV)  is  much  larger  than  the 
Zeeman  energy  (Ez  =  g*liB  =  0.3  meV).  Subsequent 
numerical  calculations  [3,4]  and  transport  measurements 
[5-7]  support  this  possibility. 

In  this  paper,  we  will  review  our  recent  optically 
pumped  nuclear  magnetic  resonance  (OPNMR)  [8] 
measurements  of  the  Knight  shift  Ks[9]  and  spin-lattice 
relaxation  time  T\  [10]  of  7!Ga  nuclei  in  an  electron-doped 
multiple  quantum  well  (MQW)  structure  as  a  function  of 
Landau  level  filling  factor  v  and  temperature  [1 1],  OPNMR 
measurements  directly  probe  the  electron  spin  degree  of 
freedom,  providing  novel  information  about  the  physics  of 
2DES.  For  example,  the  Knight  shift  measurements  provide 
the  first  experimental  support  for  the  recent  predictions 
that  the  ground  state  at  v  =  1  ±  s  contains  finite-size 
skyrmions  [12, 13],  with  an  effective  spin  which  reflects  the 
competition  between  the  Coulomb  energy  and  the  Zeeman 
energy.  We  conclude  that  OPNMR  studies  are  an  important 
new  probe  of  the  many-body  ground  state  and  low-lying 
excited  states  in  2DES. 

The  MQW  sample  used  in  these  measurements  contains 
forty  300  A  wide  GaAs  wells  separated  by  1800  A 
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Alo.1Gao.9As  barriers.  Si  delta-doping  spikes  are  located 
in  the  centre  of  each  barrier.  Characterization  of  this  wafer 
by  low-field  transport  measurements  at  4.2  K  yielded  the 
electron  density  n  =  (1.41  ±0.14)  x  10n  cm  2  in  each 
well,  with  mobility  n  =  1.44  x  106  cm2  V"1  s"1.  Using 
home-built  NMR  probes,  the  growth  axis  of  the  MQW 
sample  was  tilted  by  an  angle  0(0°  <  9  <  60°,  ±0.5°) 
away  from  the  constant  field  B,  thereby  varying  the  filling 
factor  (v  =  nhc/eB  cos  6)  in  situ. 

The  OPNMR  measurements  described  below  utilized 
the  timing  sequence  SAT  —  rL  —  rD— DET,  where  SAT 
represents  an  rf  pulse  train  that  saturates  (destroys)  the 
nuclear  polarization,  tl  is  a  period  of  illumination  by  the 
laser  (cr+  light,  X  =  806  nm,  10—300  mW  cm  2),  to  is  a 
period  of  no  illumination  (to  >  1  s),  and  DET  represents 
the  direct  detection  of  the  NMR  free  induction  decay  (FID) 
signals  following  a  smgle  n/2  pulse  [8].  During  rL, 
optical  pumping  of  interband  transitions  generates  electrons 
and  holes  in  the  GaAs  wells  with  non-equilibrium  spin 
polarizations,  which  then  polarize  the  nuclei  in  the  wells 
through  the  contact  hyperfine  coupling.  The  electronic 
system  quickly  equilibrates  at  the  beginning  of  tD,  but  the 
enhanced  nuclear  polarization  persists  until  the  DET  period, 
since  7]  »  1  s.  In  practice,  an  NMR  signal  enhancement 
of  about  100  has  been  obtained  using  this  technique,  which 
makes  the  study  of  quantum  wells  possible. 

Figure  1  shows  the  71  Ga  NMR  spectra  acquired  as  a 
function  of  Tl(td  =  1  s)  in  a  7.05  T  field  at  T  =  1.55  K 
with  6  =  0°  [9].  The  broad,  asymmetric  resonance 
observed  for  tl  =  5  s  is  due  to  the  71  Ga  nuclei  in  the  GaAs 
wells,  where  the  non-equilibrium  nuclear  spin  polarization 
is  photogenerated.  As  rL  is  increased,  polarization  diffuses 
into  the  barriers  via  the  nuclear  spin-spin  coupling  [8, 10]. 
The  narrow,  symmetric  resonance  which  dominates  the 
spectrum  for  Tl  =  480  s  is  due  to  the  71Ga  nuclei  in 
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Figure  1.  71  Ga  NMR  spectra  of  the  GaAs/AIGaAs  MQW 
acquired  in  the  dark  (rD  =  1  s)  for  various  optical  pumping 
times  rL,  with  B  =  7.05  T,  9  =  0"  and  T  =  1 .55  K.  For  ease 
of  comparison,  the  signals  are  scaled  by  the  indicated 
factors,  and  are  offset  for  clarity.  (Adapted  from  [9].) 


the  Alo.1Gao.9As  barriers.  The  electrons  confined  in  the 
wells  produce  an  extra  hyperfine  field  which  shifts  the  well 
resonance  below  the  barrier  resonance,  as  expected  for  the 
Fermi  contact  interaction  with  g*  <  0  [14].  The  variation  of 
the  lowest  subband  electron  wavefunction  along  the  growth 
direction  leads  to  the  asymmetry  of  the  well  resonance  [10]. 
We  define  the  Knight  shift  to  be  the  peak-to-peak  frequency 
splitting  between  the  well  and  the  barrier  resonance  lines, 
so  Ks(v,  t )  =  Azz  <  Sz(v,  T )  >  for  B\\z,  where  Azz  is  the 
hyperfine  coupling  constant  for  nuclei  in  the  centre  of  the 
well  [15]. 

Figure  2(a)  shows  the  dependence  of  the  71  Ga  Knight 
shift  Ks  on  the  tilt  angle  9  for  B  —  7.05  T  and  B  =  9.39  T, 
at  T  =  1.55  K  [9].  Assuming  that  the  maximum  Ks 
observed  at  9  =  28.5°  for  B  =  7.05  T  corresponds  to 
v  =  1,  we  infer  an  electron  density  n  =  1.50  xlO11  cm'2. 
This  density  is  used  to  convert  the  sample  tilt  angle  9  to 
the  Landau  level  filling  factor  v.  Figure  2(b)  is  a  plot 
of  Ks  versus  v  for  B  —  7.05  T  and  B  =  9.39  T.  The 
collapse  of  the  two  data  sets  onto  one  another  in  figure  2(b) 
suggests  that  the  hyperfine  coupling  constant  is  isotropic, 
and  therefore  the  Knight  shift  directly  reflects  the  electron 
spin  polarization,  i.e.  Ks(v(d))  =  A(Sz(v(9))).  Clearly, 
(Sz(v))  drops  precipitously  both  above  and  below  v  =  1. 

In  figure  3,  two  fits  to  the  Ks(v)  data  for  B  = 
7.05  T  at  T  =  1.55  K  are  shown  [9].  The  functional 
form  of  these  fits  is  obtained  by  ‘generalizing’  the  T  ~ 
0  independent  electron  model  for  the  spin  polarization 
assuming  fixed  electron  density,  which  parametrizes  the 
effect  of  interactions  near  v  =  1.  The  underlying 
assumption  is  that  each  quasiparticle  (or  quasihole)  added 
to  the  fully  polarized  v  =  1  ground  state  results  in  S  (or 
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Figure  2.  (a)  Dependence  of 71  Ga  Knight  shift  Ks  on  the 
sample’s  tilt  angle  9  for  B  =  7.05  T  (open  circles)  and 
B  =  9.39  T  (full  circles)  at  1.55  K.  ( b )  Dependence  of  Ks  on 
filling  factor  w  for  B  =  7.05  T  (open  circles)  and  B  -  9.39  T 
(full  circles)  at  1.55  K.  The  conversion  from  9  to  v  used 
n  =  1.50  x  1011  cm-2.  (Adapted  from  [9].) 


A  —  1)  flipped  spins.  In  this  case 
Ks(v)  =  j  0(1  -  v)0(l  -A)- (l-  2  A)^j 
+&(v-l)^-  +  (l-2S)j 


0) 


where  ®(x)  =  1  for  x  >  0,  and  ®(x)  =  0  for  x  <0. 
Earlier  estimates  of  the  hyperfine  coupling  imply  A  ~ 
27  kHz  for  three-dimensional  electrons  [14],  or  A  ~ 54  kHz 
for  nuclei  in  centre  of  the  300  A  GaAs  well.  A  =  44  kHz 
is  used  for  the  fits  in  figure  3,  a  value  consistent  with  the 
largest  shift  measured  in  either  field  at  T  =  1.55  K.  The 
full  curve  in  figure  3,  which  assumes  .4  =  5=1  (i.e. 
non-interacting  electrons),  fails  to  fit  the  data.  The  broken 
line  is  an  excellent  fit  to  the  data  for  0.9  <  v  <  1.1, 
with  A  =  S  =  3.6  ±  0.3.  Apparently,  the  charged 
excitations  of  the  v  =  1  ground  state  have  an  effective 
spin  of  (3.6  ±  0.3)/2. 

These  results  are  in  good  agreement  with  the  recent 
predictions  that  the  lowest  energy  charged  excitations  of 
the  v  =  1  ground  state  are  finite-size  skyrmions,  with 
a  calculated  effective  spin  of  7/2  [13]  (or  4.8/2  [16]) 
at  Ez/Ec  ~  0.015.  Qualitatively,  at  u  =  1  +  s,  a 
finite-size  skyrmion  is  cylindrically  symmetric  with  the 
boundary  conditions  of  a  down-spin  at  r  =  0  and  an  up- 
spin  at  r  =  Z),  with  a  particular  radial  transition  between 
those  two  states  that  maximizes  the  alignment  of  nearest- 
neighbour  spins,  leaving  up-spins  for  D  <  r  <  00.  The 
length  scale  D  is  set  by  the  competition  between  the 
Coulomb  and  Zeeman  energy,  which  increase  and  decrease 
D,  respectively.  The  effective  spin  is  >  1/2,  since  all 
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Figure  3.  Dependence  of  Ks  on  filling  factor  v  for 
B  =  7.05  T  (open  circles)  at  1.55  K.  As  explained  in  the  text, 
both  fits  are  given  by  equation  (1),  but  the  full  curve  has 
A  =  S  =  1  (non-interacting  electrons),  while  the  broken  line 
has  A  =  S  =  3.6  (finite-size  skyrmions).  (Adapted  from  [9].) 

electrons  within  0  <  r  <  D  are  distorted.  For  brevity, 
we  will  refer  to  this  object  as  a  skyrmion  [17],  By 
analogy,  the  v  =  1  —  s  ground  state  is  an  antiskyrmion, 
and  skyrmion-antiskyrmion  pairs  are  neutral  excitations  of 
the  v  =  1  ground  state.  Additional  experimental  evidence 
for  skyrmions  near  v  =  1  has  recently  been  reported 
[18].  The  authors  measure  the  electron  spin  polarization 
using  interband  optical  transmission.  They  find  that  the 
polarization  is  dramatically  reduced  as  the  filling  factor 
is  moved  away  from  v  —  1,  in  good  agreement  with  the 
OPNMR  Knight  shift  measurements. 

Although  skyrmions  may  occur  around  other  filling 
factors  with  incompressible  many-body  ground  states  (for 
example  v  =  1/3)  [12, 19],  they  are  not  expected  to  be  the 
relevant  quasiparticles  for  v  =  3,  5, . . .  [20].  Recent  tilted- 
field  magnetotransport  measurements  at  odd  filling  factors 
[21]  support  these  counterintuitive  predictions.  While  there 
is  good  agreement  between  the  number  of  flipped  spins 
per  quasiparticle-quasihole  pair  as  determined  by  transport 
(s  =  7)  [21]  and  OPNMR  (s  =  S  +  A  -  1  =  6.2  ±  0.6) 
[9]  at  v  —  1  and  Ez/Ec  ~  0.015,  both  the  magnitude 
of  s  and  its  dependence  on  Ez/Ec  are  expected  to  be 
somewhat  larger  based  upon  Hartree-Fock  calculations 
[13, 16].  Additional  theoretical  investigations  have  recently 
considered  a  skyrmion  crystal  [22]  and  the  relationship 
between  skyrmion  condensation  and  certain  spin-singlet 
quantum  Hall  states  [23]. 

The  temperature  dependence  of  the  Knight  shift  probes 
low-lying  excited  states,  since  KS(T)  a  (SZ(T)),  and 

(SZ(T))  EE  ;(0|.VZ|0)  +  I  exp(—Aj/kT)(i |Sz|i) 

where  |0)  is  the  many-body  state,  Z  is  the  partition  function, 
and  the  summation  is  over  all  excited  states  |i)  with  energy 
A,-.  Figure  4  (main  figure)  shows  the  dependence  of  Ks 
on  the  temperature  for  v  =  0.98  in  the  7.05  T  field  [9]. 
The  shift  saturates  at  ~  20  kHz  for  T  below  ~  2  K,  which 
validates  our  comparison  in  figure  3  of  the  T  =  1.55  K 
shift  data  near  v  =  1  with  the  T  0  skyrmion  model. 


Figure  4.  Dependence  of  Ks  on  temperature,  for  v  =  0.98 
and  B  =  7.05  T  (open  squares).  As  explained  in  the  text, 
the  broken  curve  is  a  calculation  of  KS(T)  assuming 
non-interacting  electrons,  and  the  dash-dot-dot  curve  is  a 
calculation  of  KS(T)  assuming  that  the  low-lying  excitations 
are  spin  waves.  Inset:  dependence  of  Ks  on  temperature, 
for  v  =  0.88  (open  circles)  and  v  =  1.2  (open  triangles),  at 
B  =  7.05  T.  (Adapted  from  [9].) 

Figure  4  also  contains  the  prediction  for  {SZ(T,  v  =  1)) 
assuming:  (i)  non-interacting  electrons  (broken  curve),  or 
(ii)  an  interacting  2DES  (dash-dot-dot  curve)  with  spin- 
wave  modes  as  the  low-lying  excitations  [9,24,25].  The 
(SZ(T,  v  =  1))  data  do  not  follow  either  curve.  For  T 
above  ~  2  K,  K%(T)  drops  off  more  rapidly  than  the  spin- 
wave  fit,  which  qualitatively  suggests  a  collapse  of  the 
exchange  energy  as  the  polarization  is  reduced.  Recently, 
sophisticated  calculations  that  either  stress  the  similarity  to 
an  itinerant  electron  ferromagnet  [26]  or  use  a  continuum 
quantum  field  theory  of  a  ferromagnet  [27],  have  led  to 
predictions  for  (SZ(T,  v  =  1))  which  are  closer  to  the  data, 
but  significant  discrepancies  remain.  KS(T )  may  also  be 
measured  at  arbitrary  v  using  OPNMR.  The  inset  of  figure  4 
shows  the  data  for  v  =  0.88  and  v  =  1.2,  which  do  not 
saturate  by  T  ~  2  K,  demonstrating  the  dependence  of  the 
many-body  states  and  energy  spectrum  on  the  filling  factor. 

OPNMR  also  enables  measurement  of  the  nuclear  spin- 
lattice  relaxation  rate  1/7),  which  probes  electron  spin 
dynamics  [28,29].  Figure  5  shows  the  dependence  of 
1/7)  on  filling  factor  v  at  T  =  2.1  K  for  B  =  7.05  T 
and  B  =  9.39  T  [10].  The  rate  1/7)  is  determined 
by  inverting  the  well  resonance  for  rL  =  5  s,  and 
monitoring  its  recovery  during  rD.  The  1/7)  data  are 
strongly  dependent  upon  v,  but  nearly  independent  of  total 
field,  which  suggests  that  the  Fermi  contact  interaction 
dominates.  Since  the  relaxation  involves  electron-nucleus 
flip-flop  transitions  between  nearly  degenerate  initial  and 
final  electron  states,  a  slow  (fast)  1/7)  implies  a  large 
(small)  gap  to  spin-flip  excitations  [15,24],  Although  the 
slow  rate  at  v  =  1  is  consistent  with  either  interacting  or 
independent  electrons,  the  rapid  1/7)  at  v~0.85  can  only 
be  explained  if  interactions  induce  nearly  gapless  low-lying 
spin-flip  excitations.  The  broken  line  in  figure  5  shows  that 
l/7)(v)  oc  (Ks( v  =  1)  -  Ks(v))  for  0.9  <  v  <  1.1,  where 
ATs(v)  is  the  broken  line  in  figure  3.  This  suggests  that 
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Figure  5.  Dependence  of 71  Ga  nuclear  spin-lattice 
relaxation  rate  1/T,  on  filling  factor  v  at  7  =  2.1  K,  for 
B  =  7.05  T  (open  circles)  and  B  =  9.39  T  (full  circles).  The 
broken  line  is  directly  proportional  to  (Ks(v  =  1)  -  Ks(v)), 
where  Ks(v)  is  given  by  equation  (1),  with  A  =  S  =  3.6  (see 
figure  3).  (Adapted  from  [10].) 


Table  1.  71  Ga  nuclear  spin-lattice  relaxation  time  7)  as  a 
function  of  temperature  and  Landau  level  filling  factor  v. 
(Adapted  from  [9].) 


v  =  1.01 

v  =  0.88 

v  =  0.66 

Ti(T  =  4.2  K)  (s)  122 

24 

43 

71(7  =  2.1  K)  (s)  1280 

20 

68 

We  have  shown  that  OPNMR  is  a  powerful  local  probe 
of  2DES.  Many  interesting  features  of  the  above  results 
remain  to  be  understood  theoretically.  In  future  work,  we 
will  extend  these  measurements  to  additional  filling  factors, 
lower  temperatures,  and  higher  fields. 
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Figure  6.  Dependence  of  Ks  on  filling  factor  v  for 
B  =  9.39  T,  at  7  +  4.2  K  (open  diamonds)  and  7  =  1 .55  K 
(full  circles).  (Adapted  from  [9].) 


low-lying  spin-flip  excitations  near  v  =  1  are  related  to  the 
number  of  skyrmions  in  the  ground  state. 

Clear  signatures  of  the  fractional  quantum  Hall  regime 
[3-5]  are  also  evident  in  the  OPNMR  data.  First,  figure  5 
shows  that  1/T] (2.1  K,  v)  has  a  local  minimum  near 
v  —  2/3,  one  of  the  fundamental  FQHE  states.  Second, 
£"5(1.55  K,  v)  has  a  local  maximum  near  v  =  2/3,  as  is 
seen  in  figure  6  [9].  The  fact  that  £s(1.55  K,  v  =  2/3) 
£s(1.55  K,  v  =  1)  suggests  that  the  v  =  2/3  FQHE  ground 
state  may  not  be  fully  polarized  [3,5]  for  B  =  9.39  T, 
but  these  measurements  need  to  be  repeated  at  lower 
temperatures  to  ensure  that  (SZ(T,  v  =  2/3))  —  (Sz(0,  v  = 
2/3)).  Qualitatively,  the  temperature  dependence  of  Ks(v) 
shown  in  figure  6  suggests  that  the  energy  gap  to  spin- 
flip  excitations  is  large,  medium  and  small  for  v  =  1,2/3 
and  ~  0.9  respectively.  This  assignment  is  consistent 
with  our  measurements  for  71  Ga  Tj,  since  its  temperature 
dependence  is  a  strong  function  of  v,  as  is  seen  in  table  1 

[9]. 
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Germany 


Abstract.  Single-electron  transistors  with  a  self-assembled  quantum  dot  are 
fabricated  by  direct  epitaxial  growth  on  patterned  substrates.  A  self-assembled 
quantum  dot  is  formed  during  the  deposition  of  an  ALGa^As/GaAs 
heterostructure  on  a  bow-tie-shaped  constriction,  pre-patterned  on  a  GaAs 
substrate.  The  self-assembled  quantum  dot  is  located  in  the  centre  of  the 
constriction  and  is  coupled  via  tunnelling  barriers,  also  fabricated  within  the  same 
growth  process,  to  electrical  leads.  The  fabricated  devices  allow  switching  with 
single  electrons  up  to  temperatures  of  6  K  by  applying  a  voltage  to  an  in-plane 
gate,  which  is  also  fabricated  during  the  epitaxial  growth.  The  structure  of  the 
devices  is  also  characterized  using  scanning-electron  and  atomic-force  microscopy. 


1.  Introduction 

Quantum  dots  are  three-dimensionally  confined  electronic 
systems,  whose  discrete  energy  spectra  permit  storage 
of  single  electrons  [1,2].  In  single-electron  transistors 
(SETs),  quantum  dots  are  coupled  via  tunnelling  barriers 
to  electrical  leads,  so  that  switching  with  single  electrons  is 
possible.  In  most  of  the  SETs  prepared  in  semiconducting 
material  up  to  now,  e.g.  [3],  the  field  effect  is  used 
to  define  the  quantum  dot  and  the  tunnelling  barriers. 
Typical  diameters  of  such  quantum  dots  are  about  100  nm. 
Epitaxy  with  self-organization  has  been  utilized  to  grow 
quantum  dots  with  diameters  of  merely  a  few  nanometres 
[4-8].  However,  until  now  only  optical  and  capacitance 
measurements  of  arrays  of  such  directly  grown  quantum 
dots  have  been  carried  out  [8-10].  Here  we  present  a 
novel  self-organization  scheme  to  realize  a  single  quantum 
dot  including  self-aligned  tunnelling  junctions  to  electrical 
leads,  by  direct  epitaxial  growth  on  patterned  substrates. 
Our  method  allows  electrical  measurements  of  single 
structures  formed  at  a  defined  position,  in  contrast  to  the 
large  number  of  quantum  dots  involved  in  previous  work. 
One  growth  process  is  sufficient  to  create  a  very  compact 
SET  tunable  with  a  voltage  on  a  single  gate,  which  is  also 
fabricated  within  the  epitaxial  growth. 

2.  Sample  fabrication 

For  the  self-organized  formation  of  a  quantum  dot,  we 
use  the  surface  selectivity  of  molecular-beam  epitaxial 
(MBE)  growth  on  patterned  substrates  [11-14],  The  pre¬ 
patterning  of  a  (100)  GaAs  substrate,  which  triggers  the 
formation  of  the  quantum  dot  at  a  defined  position,  consists 
of  two  grooves,  1.5  /xm  wide  and  2  /zm  deep,  with 
sharp  rectangular  edges,  fabricated  by  reactive-ion  etching 


(figure  1).  The  two  grooves  define  a  constriction  with 
the  shape  of  a  bow-tie  and  a  minimal  width  of  1  /xm. 
The  four  groove  sections  forming  the  constriction  are 
oriented  along  (001)  directions  to  provide  isotropic  growth 
conditions.  The  etch  mask  is  defined  using  electron-beam 
lithography,  but  may  also  be  realized  by  optical  lithography. 
Subsequently,  in  the  MBE  chamber,  an  AlxGa1_A:As/GaAs 
heterostructure  is  deposited  at  a  substrate  temperature 
of  580  °C.  The  heterostructure  has  a  total  thickness  of 
284.5  nm,  consisting  of  a  10  nm  GaAs  buffer  layer,  35 
periods  of  a  1.9  nm  AlAs/3.8  nm  GaAs  superlattice,  a  20  nm 
GaAs  quantum  well,  a  10  r.m  undoped  Alo.33Gao.67 As 
spacer,  a  40  nm  Si-doped  Alo.33Gao.67 As  layer,  covered 
by  a  5  nm  GaAs  cap.  The  epitaxial  layers  on  different 
mesas  are  not  connected,  because  of  the  2  /zm  deep  etched 
grooves.  Therefore  gate  operation  without  leakage  current 
is  possible  between  layers  on  different  sides  of  the  grooves 
(see  figure  1(c)).  Low-temperature  measurements  at  4.2  K 
show  that  the  gate-drain  current,  Igd,  is  below  10  pA  up 
to  a  gate  voltage  VG  of  10  V. 

A  quantum  dot,  buried  under  a  pyramidal  structure,  is 
formed  on  the  narrowest  part  of  the  ridge  between  the  two 
grooves,  due  to  surface  diffusion  processes  of  deposited 
atoms  during  growth.  On  the  wider  regions  of  the  ridge 
a  conventional  two-dimensional  electron  gas  (2DEG)  is 
formed.  The  2DEG  on  the  ridge  is  coupled  to  the  quantum 
dot  via  tunnelling  barriers,  formed  in  the  transition  area 
between  the  wide  and  the  narrow  parts.  After  the  epitaxial 
growth,  a  transistor  structure  (see  figure  1(a))  is  etched 
out  of  the  heterostructure  using  optical  lithography,  so  that 
drain,  source  and  gates  can  be  contacted  separately.  The 
contacts  to  the  2DEG  are  also  achieved  by  means  of  optical 
lithography  (figure  1(a)). 

The  pyramid  with  the  buried  quantum  dot  (figures  1(b) 
and  1(d))  in  the  centre  of  the  pre-patterned  bow-tie-shaped 
constriction  is  created  by  differences  in  growth  rates  of  the 
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Figure  1.  Schematic  illustration  (a,  b)  and  characterization  by  SEM  (c,  d)  of  the  fabricated  SETs,  (b,  c)  Stripes  with  a  larger 
layer  thickness  (dark  regions  in  (b))  evolve  during  the  growth  parallel  to  the  grooves.  The  basis  for  the  formation  of  the 
self-assembled  quantum  dot  is  the  overlap  of  two  stripes  of  enhanced  growth  in  the  centre  of  the  constriction.  A  pyramidal 
structure  is  caused  thereby,  under  which  a  quantum  dot  is  buried  (d). 


epitaxial  layer.  The  surface  energy  of  the  epitaxial  layer 
is  minimized  through  facets  which  are  tilted  with  respect 
to  the  (100)  surface  of  the  substrate  (figure  1(c)).  These 
facets  evolve  during  epitaxial  growth  along  the  edges  of  the 
patterned  substrate.  Which  of  these  facets  evolve  depends 
on  the  orientation  of  the  substrate  patterning  [16].  Surface- 
diffusion  processes  of  Ga  atoms  reduce  the  growth  rate  of 
GaAs  on  the  tilted  facets  and  enhance  it  on  the  neighbouring 
regions  on  (100)  facets  [15,16].  This  effect  is  weaker  for 
AlAs  due  to  the  much  smaller  surface  diffusion  of  Al  atoms. 
The  cross-sectional  scanning-electron  microscopy  (SEM) 
photograph  of  an  overgrown  sample  (figure  1(c))  reveals  the 
thickness  modulation  of  the  epitaxial  layer  near  an  edge  of 
the  patterned  substrate.  We  determined  an  additional  layer 
thickness  of  35  nm  due  to  the  enhanced  growth  near  a  single 
edge  from  the  cross-sectional  scanning-electron  micrograph 
(see  figure  1(c)).  The  highest  growth  rate  of  GaAs  in  the 
[100]  direction  is  achieved  at  the  narrowest  part  of  the  ridge, 
caused  by  contributions  from  two  neighbouring  tilted  facets, 
creating  the  pyramidal  structure.  The  structure  in  the  centre 
of  the  constriction  with  the  buried  quantum  dot  is  shown 
in  the  SEM  micrograph  of  figure  1(d). 

The  formation  of  the  buried  quantum  dot  and 
the  tunnelling  barriers  is  explained  by  means  of  two 
perpendicular  cross-sections  through  the  centre  of  the 
pyramid  (figure  2).  In  the  narrowest  part  of  the  ridge,  in 
the  centre  of  the  constriction,  the  growth  rate  of  GaAs  on 
the  [100]  plateau  is  strongly  enhanced  by  surface  diffusion 


from  adjacent  {311}  facets.  The  enhanced  growth  of  GaAs 
in  the  centre  of  the  constriction  shown  in  figure  2(a) 
also  causes  a  modulation  of  the  layer  thicknesses  in  the 
direction  from  drain  to  source,  shown  in  figure  2(b). 
Thereby,  an  elevated  plateau  is  formed  in  the  middle 
of  the  constriction  during  the  growth  of  a  superlattice, 
surrounded  by  inclines  not  only  in  the  direction  of  the 
grooves  (figure  2(a))  but  also  in  the  perpendicular  direction 
(figure  2(b)).  Diffusion  of  Ga  atoms  from  these  inclines  to 
the  (100)  plateau  during  further  growth  causes  an  additional 
enhancement  of  the  growth  rate  of  GaAs  there.  If  a  GaAs 
quantum  well  is  now  deposited,  a  ‘fourfold’  enhanced 
growth  occurs  on  top  of  the  plateau,  due  to  diffusion 
from  neighbouring  inclines  in  all  four  directions,  forming 
a  quantum  dot.  On  the  other  hand,  reduced  growth  occurs 
on  the  inclines  in  the  direction  of  drain  and  source  and 
thus  generates  tunnelling  barriers  between  the  quantum  dot 
and  the  leads  (figure  2(b)).  Summarizing  these  points,  the 
self-organization  phenomenon  consists  of  three  main  steps: 
(1)  the  formation  of  additional  inclines,  (2)  reduced  growth 
on  these  inclines,  generating  tunnelling  barriers,  and  (3)  a 
‘fourfold’  enhanced  growth  on  the  plateau  on  top  of  the 
inclines,  forming  a  quantum  dot.  Subsequent  deposition 
of  a  modulation  Si-doped  Alo.33Gao.67As  layer  and  a  GaAs 
cap  embeds  the  active  structure.  The  silicon  doping  of 
the  Alo.33Gao.67As  layer  causes  an  n-type  doping  of  the 
GaAs  quantum  well  on  the  (100)  planes  of  the  structure.  It 
is  at  present  not  possible  to  estimate  if  the  doping  of  the 
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Figure  2.  Schematic  cross-sections  through  an  SET  along  the  two  perpendicular  dashed  lines  shown  in  the  inset  (see  also 
figure  1).  The  modulation  of  the  GaAs  quantum  well  provides  the  main  building  blocks  of  an  SET  in  a  self-aligned  way. 
Following  the  quantum  well  in  (b)  from  the  left  to  the  right  side,  a  conventional  2DEG,  used  as  a  source  contact,  is  first  of  all 
formed.  The  following  thinner  part  of  the  layer  on  the  tilted  {Nil}  facet  acts  as  a  tunnelling  barrier.  The  thick  elevated  GaAs 
island  represents  the  quantum  dot,  followed  again  by  a  tunnelling  barrier,  directly  connected  to  a  2DEG  used  as  a  drain 
contact. 


thin  GaAs  quantum  well  on  the  tilted  {311}  facets  on  the 
sidewalls  to  the  grooves  is  n-type  or  p-type. 

The  enhanced  growth  rate  at  the  centre  of  the 
constriction  due  to  the  self-organization  process  is 
confirmed  by  atomic-force  microscopy  (AFM)  (figure  3). 
The  method  allows  the  measurement  of  the  height  profile 
in  addition  to  the  normal  in-plane  resolution  of  a  top  view. 
A  surface  scan  along  the  line  drawn  in  the  top  view  of 
figure  3(a),  i.e.  in  the  drain-source  direction,  is  shown 
in  figure  3(b).  It  shows  that  the  layer  in  the  centre  of 
the  constriction  is  about  100  nm  thicker  than  the  nominal 
layer  thickness,  i.e.  more  than  twice  the  additional  layer 
thickness  along  a  single  edge  (figure  1(c)).  The  surface  scan 
demonstrates  the  thickness  modulation  of  the  epitaxial  layer 
due  to  surface  diffusion  of  deposited  atoms  and  confirms 
the  growth  model  explained  using  figure  2. 

3.  Transport  investigations 

Electronic-transport  measurements  (figure  4)  reveal  that  the 
self-organized  quantum  dot  can  be  charged  and  discharged 
with  single  electrons.  The  conductivity  through  the 
quantum  dot  versus  the  voltage  of  the  tuning  gates  shows 
pronounced  periodic  oscillations  up  to  a  temperature  of 
5.9  K  (inset  of  figure  4(a)).  Increasing  the  gate  voltage 
from  one  conductance  minimum  to  the  next  increases 
the  electron  number  on  the  quantum  dot  only  by  one, 
due  to  the  small  capacitance  and  therefore  large  charging 
energy  of  the  small  structure.  Figures  4(a)  and  4(b) 
show  separate  measurements  on  this  device  in  a  3He/4He 


dilution  refrigerator  at  a  base  temperature  of  22  mK,  which 
exhibit  clearly  resolved  conductivity  peaks,  separated  by 
regions  of  zero  conductivity  (‘Coulomb  blockade’).  The 
voltage  change  required  to  add  an  electron  to  the  quantum 
dot  is  the  same  for  the  two  different  measurements,  one 
done  at  1.3  K  (inset  of  figure  4(a))  and  one  done  at 
22  mK  after  warming  up  the  sample  to  room  temperature 
(figure  4(a)).  We  conclude  that  the  quantum  dot  is 
geometrically  defined  during  the  growth  process,  since 
the  capacitance  between  the  quantum  dot  and  the  gates 
remains  the  same,  even  if  the  sample  is  heated  up  between 
two  measurements.  The  Coulomb  energy  is  determined 
to  be  Ec  =  2.5 kBT  =  1.27  meV,  from  the  temperature 
at  which  the  Coulomb-blockade  oscillations  vanish.  The 
measurements  in  figures  4(a)  and  4(b)  show  that  the  period 
of  the  Coulomb-blockade  oscillations  doubles  if  the  gate 
voltage  Vc  is  applied  to  only  one  side  gate  (figure  4(a)) 
instead  of  both  side  gates  (figure  4(b)).  This  doubling 
of  the  Coulomb-blockade  oscillations  shows  that  the  self- 
assembled  quantum  dot  is  located  in  the  centre  of  the 
constriction.  This  shows  furthermore  that  both  side  gates 
allow  a  similar  tuning  of  the  quantum  dot.  The  non-uniform 
period  of  the  Coulomb-blockade  oscillations  may  be  caused 
by  the  complex  shape  of  the  direct-grown  quantum  dot, 
but  is  up  to  now  not  clearly  understood.  Spectroscopic 
transport  measurements,  including  measurements  with  finite 
drain-source  voltage  VD$  (see  e.g.  inset  of  figure  4(b)),  are 
used  to  determine  the  regions  of  Coulomb  blockade  in  the 
V os  versus  Vq  plane,  which  allows  the  calculation  of  the 
Coulomb  energy  [17].  The  Coulomb  energy  is  found  to  be 
Ec  =  1-21  meV.  The  diameter  of  the  quantum  dot  is  thus 
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Figure  3.  (a)  AFM  image  of  a  sample  after  MBE  growth. 

(b)  Line  scanning  along  the  line  shown  in  (a).  The  elevation 
in  the  centre  of  the  constriction  is  approximately  lOOnm. 
The  two  markers  correspond  to  the  two  vertical  strokes  in 
the  top  view  of  (a).  They  are  used  as  a  guide  to  the  eye  to 
make  the  abrupt  ascent  of  the  surface  in  the  direction  of 
the  centre  of  the  constriction  clear. 

estimated  to  be  about  100  nm,  assuming  that  the  quantum 
dot  is  a  sphere. 

4.  Conclusion  and  outlook 

In  conclusion,  we  present  a  novel  self-organization 
phenomenon  for  the  fabrication  of  a  complete  SET  by  one 
MBE  growth  step.  The  shape  of  the  direct-grown  single¬ 
electron  structure  depends  on  the  different  growth  rates  in 
the  centre  of  the  constriction  and  the  neighbouring  regions. 
Therefore  the  shape  of  the  device  can  be  controlled  via  the 
different  growth  rates  which  are  caused  by  surface  diffusion 
processes  of  deposited  atoms.  The  differences  in  the  growth 
rates  can  be  controlled  by  varying  the  material  composition, 
the  growth  temperature  or  the  shape  of  the  pre-patterning 
as  this  also  influences  the  surface  diffusion  processes.  In 
particular  the  angle  between  the  groove  sections  defining 
the  bow-tie-shaped  constriction  allows  us  to  control  the 
length  of  the  tunnelling  barriers  independently  of  the  size  of 
the  quantum  dot.  By  applying  our  method  to  other  materials 
and  strained  heterostructures  including  InP  or  InzGai_-As, 
which  show  a  higher  surface  diffusion  than  GaAs,  it  will 
be  possible  to  realize  even  smaller  quantum  dots.  The  size 
of  those  quantum  dots  is  controlled  within  the  epitaxial 
growth  and  is  not  restricted  to  the  resolving  power  of  the 


Figure  4.  The  conductance  a  through  the  quantum  dot 
versus  the  voltage  VG  at  the  tuning  gates.  For  the 
measurements  shown  in  (a)  the  voltage  VG  is  applied  to 
both  side  gates  of  the  device,  whereas  for  the 
measurements  shown  in  (b)  the  voltage  at  one  gate  is  fixed 
to  -2.0  V  and  the  voltage  VG  is  applied  only  to  one  side 
gate,  which  leads  to  a  doubling  of  the  period  of  the 
Coulomb-blockade  oscillations.  Inset  in  (a):  measurements 
at  higher  temperatures,  which  show  that  even  at 
temperatures  of  6  K  a  modulation  of  the  a-V  curve  is 
visible.  Inset  in  (b):  the  current-voltage  staircase  of  the 
fabricated  device,  measured  at  a  base  temperature  of 
22  mK. 

lithography.  Therefore  conventional  optical  lithography  can 
be  used  for  device  fabrication.  The  fabricated  device  shows 
that  it  is  possible  to  realize  SETs  which  operate  like  normal 
transistors  by  tuning  only  one  gate. 
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Non-invasive  detection  of 
single-electron  processes 
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Abstract.  Electrical  transport  measurement  can  be  made  ‘non-invasively’  by 
capacitively  coupling  a  detector  circuit  with  known  behaviour  to  a  quantum  device. 
This  allows  much  more  sensitive  measurements  to  be  performed;  since  no 
electrons  are  exchanged  with  the  device,  the  amount  of  disturbance  can  be 
reduced.  The  sensing  circuit  is  still  operational  in  regimes  of  extreme  low  current  in 
the  quantum  device.  This  article  is  a  review  of  work  with  two  non-invasive  probes: 
a  voltage  probe  capable  of  sensing  single-electron  effects  at  currents  of  order 
10-17  A,  and  a  capacitance  detector  which  is  able  to  detect  the  localization  of 
electrons  where  no  electrons  move  on  a  timescale  of  seconds. 


1.  Introduction 

Single-electron  effects  in  both  metal  in  semiconductor 
systems  have  been  seen  and  understood  for  several  years 
now  [1],  They  were  first  identified  in  granular  metal 
samples  [2]  and  have  also  been  observed  in  semiconductor 
structures  employing  ‘electrostatic  squeezing’  [3].  Meirav 
et  al  [4],  and  later  Kouwenhoven  et  al  [5],  demonstrated 
that  the  conductance  of  a  lateral  quantum  dot  [6]  weakly 
coupled  to  connecting  leads  via  tunnel  barriers  oscillates 
when  the  potential  is  changed  on  a  nearby  gate.  These 
oscillations,  caused  by  single-electron  charging  of  the 
quantum  dot,  have  become  known  as  Coulomb  blockade 
(CB)  oscillations.  These  all  make  use  of  the  large  energy 
associated  with  charging  a  small  capacitor  (<  10~16  F) 
where  the  energy  required  to  add  a  single  extra  electron 
is  larger  than  the  thermal  energy  at  cryogenic  temperatures. 
The  conductance  of  a  small  island  (or  ‘quantum  dot’  in 
semiconductor  systems)  is  governed  by  these  charging 
effects;  current  can  only  flow  when  extra  electrons  are 
allowed  to  tunnel  on  and  off  the  island.  Since  the  island 
becomes  charged,  the  potential  of  the  dot  changes  as 
electrons  tunnel  on  and  off, 

2.  The  non-invasive  voltage  probe 

We  have  constructed  a  device  which  can  detect  this  change 
in  potential  of  the  dot  and  is  described  in  detail  in  [7, 8], 
The  circuit  containing  the  island  is  coupled  closely  to  a 
separate  sensing  circuit  with  a  single  quantum  point  contact. 
The  point  contact  is  biased  so  that  it  becomes  a  tunnel 
barrier.  The  height  of  the  tunnel  barrier  is  dependent  on 
the  local  electrostatic  conditions,  and  hence  the  resistance 
of  the  detector  circuit  follows  the  charging  of  the  dot. 
The  whole  system  can  be  calibrated  to  give  a  quantitative 
measurement  of  the  electrostatic  potential.  This  detector 
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Figure  1.  (a)  CB  oscillations  of  conductance  versus  gate 
voltage  through  the  dot,  together  with  the  resistance  of  the 
detector  circuit.  ( b )  The  change  in  dot  potential  calculated 
from  the  detector  resistance.  The  overall  negative  slope  is 
an  artefact  of  the  calibration  procedure.  Inset:  a  schematic 
diagram  of  the  gate  structure. 

is  a  truly  non-invasive  voltage  probe  since  it  does  not 
need  to  exchange  electrons  with  its  surroundings,  unlike  a 
conventional  laboratory  voltmeter.  This  detector  continues 
to  work  when  the  current  through  the  quantum  dot  is 
made  too  small  to  measure,  enabling  observation  of  single¬ 
electron  charging  at  currents  of  order  10-17  A. 
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A  diagram  of  the  gate  geometry  used  is  shown  in 
the  inset  to  figure  1.  The  gates  are  fabricated  on  top 
of  a  GaAs/AlGaAs  heterostructure  with  a  two-dimensional 
electron  gas  (2DEG)  700  A  below  the  surface  of  the 
semiconductor.  The  bar  down  the  middle  (Gl)  separates 
two  electrical  circuits  which  interact  via  the  electric  fields 
present  between  the  regions  in  close  proximity.  To  the  right 
of  the  bar  is  a  quantum  dot,  formed  by  gates  G3,  G4  and  G5, 
with  lithograpically  defined  dimensions  of  0.75  x  0.34  /xm. 
When  the  voltage  on  G4  is  swept,  CB  oscillations  are  seen 
in  the  conductance  of  the  quantum  dot  with  a  period  of 
12.28  ±0.46  mV.  To  the  left  of  the  bar  is  a  detector  circuit 
with  a  channel  formed  by  gates  Gl  and  G2  that  is  sensitive 
to  the  electrostatic  potential  of  the  dot.  The  resistance  of 
the  channel  is  set  at  150  k£2,  where  it  is  most  sensitive  to 
the  surrounding  potential. 

Figure  1(a)  shows  the  conductance  through  the  dot 
and  the  resistance  of  the  detector  as  the  voltage  on  G4 
is  swept.  The  detector  resistance  has  small  dips  on  a 
rising  background  which  directly  correlate  with  the  CB 
oscillations  in  the  quantum  dot.  The  detector  can  be 
calibrated  by  applying  a  voltage  to  the  quantum  dot  region, 
after  which  the  detector  resistance  can  be  transformed  into 
the  dot  potential  as  shown  in  figure  1  (b).  The  electrostatic 
potential  of  the  dot  A (fc)0t,  is  oscillatory  with  an  average 
amplitude  of  500  ±100  /xV.  The  charging  energy  of  the 
dot  can  also  be  obtained  by  measuring  the  total  capacitance 
of  the  dot  to  all  other  conducting  regions  around  it.  The 
capacitances  of  each  conducting  region  are  added  up  to 
give  the  total  capacitance  C±  =  (2.92  ±  0.2)  x  10~16  F, 
which  implies  a  potential  on  the  dot  due  to  charging  by 
a  single  electron  A 0Dot  =  e/Cs  =  550  ±  30  ytxV.  This 
is  in  good  agreement  with  the  value  obtained  from  the 
detector,  especially  since  the  calibration  is  known  to  slightly 
underestimate  A0Dot- 

The  peaks  and  troughs  of  the  oscillations  in 
conductance,  indicated  by  the  broken  lines,  correspond  to 
the  mean  value  of  the  electrostatic  potential  oscillations. 
In  a  conductance  minimum,  the  Fermi  energy  in  the 
connecting  leads  lies  approximately  midway  between  the 
coupled  Vth  electron  state  and  the  inaccessible  ( N  ±  l)th 
state.  As  the  voltage  on  the  external  gate  is  made  more 
positive,  the  energy  of  the  dot  is  reduced  with  respect 
to  the  Fermi  energy  in  the  connecting  leads.  When  the 
(N  ±  l)th  electron  level  comes  within  the  energy  range 
of  the  electrons  in  the  leads,  electrons  can  tunnel  in.  The 
electron  energy  levels  in  the  dot  move  up  and  down  by  the 
charging  energy.  The  dot  is  occupied  50%  of  the  time  by 
an  extra  electron  and  therefore  the  potential  takes  the  mean 
value.  In  between  these  positions  the  percentage  occupation 
by  an  extra  electron  either  lags  or  leads  the  charge  required, 
causing  the  oscillation  in  potential. 

The  tunnel  barrier  heights  were  increased  until  the 
conductance  oscillations  were  only  just  measurable.  As 
the  voltage  on  gate  G4  was  swept  negatively,  conductance 
oscillations  were  observed,  which  died  away  as  the  barrier 
heights  to  the  leads  increased  and  the  current  through  the 
dot  became  to  small  too  measure;  however,  the  signal 
on  the  detector  remains.  The  oscillations  of  the  detector 
can  be  followed  for  a  further  110  periods  until  the  gate 


G4  reaches  a  voltage  of  —4.05  V,  after  which  the  signal 
vanishes  (see  figure  2).  As  the  oscillations  disappear,  the 
background  slope  of  the  detector  resistance  curve  becomes 
much  steeper,  suggesting  that  the  screening  of  gate  G4 
by  electrons  passing  through  the  dot  has  changed.  The 
oscillations  continue  until  the  current  through  the  dot 
decreases  to  less  than  one  electron  through  the  dot  in  the 
time  for  half  a  period  of  the  applied  a.c.  bias.  Extrapolation 
of  the  observed  CB  peak  heights  suggests  the  current  at  the 
point  where  the  detector  signal  fails  is  of  order  10-17  A, 
which  correlates  well  with  the  a.c.  signal  of  order  100  Hz 
used  in  this  experiment. 

The  dot  potential,  shown  in  the  insets  to  figure  2,  has 
become  a  sawtooth  waveform.  The  effective  width  of  the 
conductance  peaks  gets  smaller  and  this  changes  the  shape 
of  the  potential  waveform  by  reducing  the  relative  width  of 
the  peaks  with  respect  to  the  troughs. 

3.  Non-invasive  capacitance  measurement 

It  is  also  possible  to  use  the  CB  in  a  quantum  dot  as  a  very 
sensitive  capacitance  meter;  this  work  is  described  in  detail 
in  [9, 10].  Using  a  double  2DEG  sample,  the  dot  can  be 
placed  in  the  upper  2DEG  on  top  of  a  second  2DEG.  The 
capacitance  between  a  larger  gate  underneath  the  sample 
and  the  quantum  dot  can  be  measured  by  observing  the  CB 
period  and  changes  in  capacitance  as  small  as  1  aF  can  be 
detected.  The  2DEG  in  between  tries  to  screen  the  electric 
field,  and  the  amount  of  screening  is  due  to  the  ability  of 
the  electrons  to  rearrange  which  is  dependent  on  the  density 
of  states  and  the  diffusivity  of  the  electrons,  allowing  the 
full  thermodynamic  density  of  states  of  the  screening  2DEG 
to  be  measured.  This  technique  is  also  used  to  probe  the 
motion  of  electrons  when  the  conductance  of  the  sample 
is  many  orders  of  magnitude  lower  than  that  which  can  be 
measured  directly.  When  the  electrons  become  localized  on 
the  timescale  of  the  measurement,  the  screening  fails  which 
allows  the  diffusivity  of  electrons  to  be  studied  directly. 

A  double  2DEG  sample  was  grown  with  two  200  A 
quantum  wells  a  distance  of  200  A  apart,  and  a  backgate 
3300  A  beneath  the  lower  2DEG.  The  mobility  of  the  upper 
layer  was  7  x  105  cm2  V"1  s-1  at  a  carrier  concentration 
Nt  =  4.5  x  1011  cm-2,  while  the  lower  layer  had  a  low 
mobility  of  3  x  104  cm2  V-1  s"1  at  the  same  carrier 
concentration,  Nb  —  Nx.  The  carrier  concentration  in  the 
lower  layer  was  controllable  via  the  backgate,  complete 
depletion  occurring  at  approximately  —1.4  V. 

The  sample  was  patterned  into  a  thin  Hall  bar  shape 
(0.6  /x m  wide  by  2  fim  long)  by  low-energy  gallium  ion 
beam  damage  [11].  Two  independent  surface  Schottky 
gates  of  width  approximately  500  A  cross  the  Hall  bar 
a  distance  of  0.4  /xm  apart.  Using  these  surface  gates 
a  quantum  box  can  be  induced  in  the  upper  2DEG.  The 
completed  device  is  shown  schematically  in  figure  3. 

We  measure  the  screening  non-invasively  over  a  small 
area  using  the  quantum  box  in  the  upper  2DEG  layer.  At 
zero  magnetic  field  the  period  of  CB  oscillations  is  seen 
to  change  dramatically  at  a  backgate  voltage  of  —1.42  V 
(figure  4)  from  7  mV  to  2  mV  as  the  screening  layer  is 
depleted.  The  conductance  of  the  back  2DEG  dropped 
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Figure  2.  The  detector  resistance  versus  VG4  after  the  current  through  the  dot  has  become  too  small  to  be  measured.  The 
detector  resistance  is  reset  to  150  kf2  whenever  it  reaches  360  kS  to  maintain  sensitivity.  The  resistance  curves  follow  on 
from  each  other.  The  insets  show  the  inferred  dot  potential  at  two  points;  this  has  changed  from  the  oscillatory  shape  seen  in 
figure  1  to  a  sawtooth  shape. 
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Figure  3.  A  schematic  diagram  of  the  double  2DEG  device. 


below  the  sensitivity  of  the  measurement  at  a  more  positive 
gate  voltage  (-1.3  V).  The  point  of  complete  depletion 
can  only  be  observed  in  the  screening;  the  localization 
of  carriers  observed  here  is  the  point  where  the  electrons 
cannot  move  to  screen  during  the  time  it  takes  to  sweep  the 
backgate  voltage  by  one  CB  period,  approximately  1  s.  As 
the  back  2DEG  depletes  out  it  may  undergo  an  Anderson 
transition  and  screening  then  occurs  by  thermal  activation  to 
the  mobility  edge  or  by  variable  range  hopping.  The  actual 
pinch-off  underneath  the  quantum  dot  may  well  occur  at 
different  backgate  voltages  to  the  observed  turn-on  of  the 
back  2DEG  conductivity.  The  screening  will  depend  on 
whether  the  states  underneath  the  dot  are  localized,  and  if 
not  whether  they  can  reach  the  ohmic  contacts  which  define 
the  ground  potential. 

4.  Summary 

In  conclusion  we  have  reviewed  work  on  two  non-invasive 
measurement  techniques.  A  non-invasive  voltage  probe 
can  measure  electrostatic  potential  changes  of  the  order 
of  50  /zV  without  exchanging  electrons  with  the  device 
it  is  measuring.  The  non-invasive  capacitance  probe  uses 
a  Coulomb  blockade  electrometer  to  measure  changes  in 


Figure  4.  Coulomb  blockade  oscillations  which  change 
period  suddenly  when  the  lower  2DEG  is  fully  depleted  and 
can  no  longer  screen.  The  conductance  of  the  lower  2DEG 
falls  below  the  minimum  sensitivity  of  the  equipment  before 
the  2DEG  is  completely  depleted. 

capacitance  as  low  as  1  aF,  allowing  changes  in  the 
screening  ability  of  a  2DEG  to  be  observed. 
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Abstract.  The  application  of  single-electron  devices  is  restricted  to  temperatures  at 
which  Coulomb  blockade  occurs.  The  most  critical  parameter  of  the  devices  is  the 
tunnelling  capacitance.  Operation  at  liquid  helium  temperature,  for  example, 
requires  tunnelling  capacitances  of  the  order  of  20  aF.  To  realize  such  low 
capacitances,  advanced  electron-beam  lithography  below  20  nm  is  mandatory  in 
fabrication  schemes  proposed  up  to  now.  Here  we  will  present  a  new  fabrication 
process  that  is  capable  of  tunnelling  capacitances  as  small  as  1 .5  aF  with  relaxed 
technological  requirements  at  the  same  time.  The  detailed  studies  of  Coulomb 
blockades  at  20  K  currently  made  may  define  the  route  to  77  K  operation. 


1.  Introduction 

In  recent  years  the  limits  of  CMOS  technology  have  become 
evident.  A  reduction  in  size  to  less  than  60  nm  will 
not  be  possible  because  of  the  intrinsic  size  of  the  p-n 
junctions.  The  heat  generation  in  CMOS  devices  due  to 
the  large  current  densities  required  for  opening  and  closing 
down  the  conducting  channel  poses  an  inherent  limitation 
on  further  reduction.  This  feature  also  limits  CMOS  clock 
speed.  These  limitations  have  initiated  an  intensive  search 
for  alternative  low-power  concepts.  Among  them  single¬ 
electron  devices  (SEDs),  originally  proposed  by  [1],  appear 
very  promising.  They  allow  an  ultimate  reduction  in  device 
size  down  to  the  atomic  scale  and  the  speed  of  operation  is 
expected  to  be  in  the  upper  GHz  range. 

2.  Principles 

The  crucial  point  of  SEDs  is  the  restriction  in  operating 
temperature.  It  can  only  be  raised  if  the  device  capacitances 
are  lowered  appropriately.  For  the  industrial  success  of 
SEDs,  however,  room-temperature  operation  is  inevitable. 
Therefore  most  of  the  experimental  effort  concerns  the 
fabrication  of  ultra-small  tunnelling  capacitances. 

Two  tunnelling  capacitances  Cj\  and  Cji  in  series 
with  a  bias  voltage  source  Ug  form  the  backbone  of  a 
single-electron  transistor  (SET).  As  shown  in  figure  1, 
an  additional  gate  capacitance  CG  and  a  gate  voltage 
source  UG  are  coupled  to  the  island  between  the  tunnel 
junctions.  The  main  features  can  be  explained  by  simple 
considerations  of  electrostatics. 

The  electrostatic  energy  of  the  charged  system  is 
composed  of  two  parts: 


E  =  E(n)  +  E0. 
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Figure  1.  Block  diagram  of  a  SET. 


E(n)  is  the  energy  of  the  n  electrons  charging  the  island 
and  E0  sums  up  the  outer  charges  of  the  capacitances. 
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The  charging  energy  E{ri)  consists  of  two  terms.  The 
first  term  describes  the  n  island  electrons  charging  all 
capacitances  connected  to  the  island  in  parallel,  whereas 
the  second  term  takes  into  account  the  potential  difference 
the  electrons  pass  when  they  enter  the  island. 

From  this  equation  the  regime  of  Coulomb  blockade 
can  easily  be  derived.  In  the  case  of 


E(n  —  1)  >  E(n)  <  E(n  +  1) 

E(n  —  1)  —  eUg  >  E(n)  <  E(n  4- 1)  +  eUg 


(2) 


10  electron  may  enter  or  leave  the  island,  i.e.  no  charge 
;ransport  is  allowed.  Application  of  equation  (1)  leads  to 
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Figure  3.  Fabrication  scheme  of  a  SECO  SET. 


Figure  2.  Stability  diagram  of  a  SET. 

Usually  equations  (3)  are  plotted  on  a  Ub-Ug  diagram,  the 
stability  diagram  of  a  SET,  as  shown  in  figure  2. 

Above  a  certain  bias  voltage  UB,  the  Coulomb  blockade 
is  surpassed  and  a  current  is  allowed  to  pass  through  the 
device.  At  a  suitable,  fixed  bias  voltage,  a  gate  voltage 
sweep  will  cause  the  system  to  alternate  between  the 
blocking  and  the  conducting  states;  this  is  the  transistor 
operation  of  the  device. 

The  operating  temperature  of  a  SED  is  restricted  to 
temperatures  at  which  the  charging  energy  of  a  single 
electron  exceeds  its  thermal  energy.  Otherwise  the 
Coulomb  blockade  effects  would  smear  out  or  would  not 
be  observable  at  all.  The  maximum  allowed  operating 
temperature  of  a  SET  can  be  derived  from  equation  (1): 

e 2  1 

T  < - .  (4) 

8k  Cj\  +  Cj2  +  Cg 

The  key  point  for  operation  at  77  K  is  to  keep  the  device 
capacitances  below  1  aF. 

3.  Fabrication:  technology 

Many  different  fabrication  schemes  for  low-capacitance 
tunnel  junctions  have  been  tried. 

The  oldest  fabrication  scheme  is  the  two-angle  shadow 
evaporation  method  [2],  which  is  still  frequently  used. 
Typical  capacitances  achieved  with  this  method  are  in  the 
range  of  50  aF.  The  self-aligned  in-line  (SAIL)  [3]  process 
is  capable  of  capacitances  that  are  at  least  half  as  small. 
The  idea  of  utilizing  thin  granular  metal  films  is  old,  but 
still  a  point  of  intensive  research  [4-6].  The  huge  device 
resistances,  however,  are  still  a  problem.  Recently  the  local 
oxidation  of  thin  titanium  films  with  a  scanning  tunnelling 
microscope  (STM)  [7]  has  been  proposed  as  a  possible 
fabrication  scheme  for  ultra-small  tunnelling  capacitances. 
Alternatively  the  oxidation  of  prepatterned  Si  wires  for  the 


formation  of  nano  wires  and  tunnelling  contacts  has  been 
reported  [8,9]. 

An  alternative  way  to  meet  these  challenges  with 
standard  electron-beam  lithography  (EBL)  is  the  step  edge 
cut-off  (SECO)  [10-13]  fabrication  scheme,  which  is  also 
used  by  other  groups  [14],  The  two  possible  variants  of  this 
process  are  sketched  in  figure  3.  The  additive  process  is 
shown  on  the  left  of  figure  3  and  the  subtractive  fabrication 
scheme  is  sketched  in  the  middle.  On  the  right  side  of 
figure  3  a  top  view  of  both  is  given. 

Using  conventional  EBL,  lift-off  and  reactive  ion 
etching  techniques,  a  metal  line  is  evaporated  either  across 
a  recess  or  a  step  of  a  dielectric  material  on  top  of  the 
substrate.  If  the  thickness  of  the  metal  line  is  chosen 
properly  with  respect  to  the  step  height,  two  interruptions  of 
the  metal  line  in  the  nanometre  range  will  appear,  forming 
two  tunnelling  contacts  in  series,  with  a  metallic  island 
in  between.  The  electric  potential  of  the  island  can  be 
influenced  by  an  additional  gate  electrode  in  close  vicinity. 

The  advantage  of  this  approach  is  given  by  the  fact  that 
there  is  no  overlap  of  the  metal  strips  at  all,  especially  not 
at  the  edges  of  the  step,  which  form  the  tunnelling  contacts. 
This  is  the  reason  for  the  extremely  low  capacitances  of  the 
SECO  junctions. 

4.  Experimental  results 

Several  devices  were  fabricated  using  the  SECO  scheme. 
Both  the  additive  Cr/Cr2C>3  and  the  subtractive  p-Si/Ti 
technologies  are  suitable  for  SET  production.  All  samples 
were  electrically  characterized  at  different  temperatures, 
ranging  from  30  mKf  up  to  77  K.  Devices  with  linewidths 
of  120  nm  operate  at  liquid  helium  temperatures.  The 
characteristic  Coulomb  blockade  of  such  a  p-Si  device  is 
shown  in  figure  4. 

As  explained  in  section  2,  the  Coulomb  blockade  shifts 
under  the  influence  of  an  applied  gate  voltage.  This  shift 

f  All  measurements  below  T  =  4.2  K  were  performed  by  the  PTB 
Braunschweig. 
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Figure  4.  A  Coulomb  blockade  at  4.2  K.  The  width  of  the 
blockade  corresponds  to  a  tunnelling  capacitance  of 
Cj  —  4  aF. 


Figure  5.  Gate  modulation  of  the  output  current. 


is  the  basis  for  a  transistor  operation  and  proves  that 
the  observed  nonlinearities  in  the  I-U  characteristics  are 
due  to  Coulomb  blockade  effects.  Figure  5  shows  the 
experimental  observation  of  this  effect.  The  output  current 
of  the  SET  is  plotted  as  a  function  of  the  gate  voltage  Uq- 
A  current  modulation  of  1  pA  is  observed. 

If  the  linewidth  is  reduced  to  the  range  of  75  nm, 
the  tunnelling  capacitances  are  lowered  further.  As  a 
consequence,  a  significantly  wider  Coulomb  blockade  is 
observed.  As  shown  in  figure  6,  the  blockade  is  operative 
between  UB  =  ±50  mV,  corresponding  to  a  tunnelling 
capacitance  of  Cj  =  1  -5  aF. 

These  extraordinarily  small  values  for  the  tunnelling 
capacitances  raise  the  temperature  of  operation  up  to  20  K. 
Even  at  liquid  nitrogen  temperatures,  nonlinearities  in  the 
I-U  characteristics  are  observable. 

The  investigated  samples  showed  long-term  stability 
and  were  robust  with  respect  to  repeated  thermal  cycling. 
Degradation  effects,  especially  electromigration  effects, 
were  not  observed.  From  the  geometry  of  the  devices  and 
their  electrical  characterizations,  the  current  densities  in  the 


Figure  6.  A  Coulomb  blockade  at  20  K. 

tunnelling  contacts  can  be  calculated  to  be  j  <  200  A  cm-2. 
Electromigration  effects,  however,  are  known  to  become 
observable  at  typical  current  densities  in  the  region  j  ~ 
105  A  cm-2.  Therefore  electromigration  effects  should 
be  no  problem  for  SECO  devices,  even  if  the  size  of  the 
devices  was  reduced  by  two  orders  of  magnitude. 

5.  Conclusion  and  outlook 

The  SECO  fabrication  scheme  seems  to  open  the  way  to 
77  K  SET  operation.  It  is  a  simple  and  robust  fabrication 
scheme  for  metal  SETs  with  reduced  technological 
requirements,  fully  compatible  with  the  established  silicon 
technology.  Stable  20  K  operation  was  demonstrated  and 
tunnelling  capacitances  as  small  as  1.5  aF  were  realized, 
using  standard  EBL.  Conventional  fabrication  processes 
would  require  sub  5  nm  EBL  to  achieve  this  level.  A 
further  reduction  of  the  capacitances  is  possible  by  using 
materials  with  lower  dielectric  constants  and  fabricating 
structures  with  smaller  linewidths.  It  is  safe  to  assume  that  a 
reduction  of  the  existing  p-silicon/titanium  system  to  20  nm 
linewidth  would  reduce  the  capacitances  appropriately  for 
77  K  operation.  The  final  goal  of  stabilized  77  K  operation 
will  require  further  investigations  on  the  reduction  of  co¬ 
tunnelling  effects  and  background  charge  fluctuations. 
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Abstract.  Tunnelling  through  single  and  coupled  GaAs  quantum  dots  is  used  to 
analyse  the  electronic  properties  of  artificial  atoms  and  molecules.  In  addition  we 
demonstrate  that  a  strongly  localized  dot  can  be  used  as  a  spectrometer  with  high 
spatial  and  energy  resolution  for  the  determination  of  the  local  density  of  states  in  a 
disordered  semiconductor. 


1.  Introduction 

Quantum  dots  are  characterized  by  a  relatively  small 
number  of  ‘free’  electrons  (normally  electrons  in  the 
conduction  band  of  a  semiconductor  with  an  effective 
mass  m*)  confined  within  an  island  with  submicrometre 
dimension.  For  optical  experiments  small  clusters  in  glass 
or  directly  grown  dots  of  InGaAs  in  GaAs  or  InP  in 
GalnP  (Stranski-Krastanov  growth  mode  in  epitaxy)  can 
be  used,  but  for  transport  measurements  a  well  defined 
position  of  the  dot  relative  to  the  tunnelling  barriers  is 
necessary.  If  the  tunnelling  resistance  is  much  larger 
than  the  quantum  resistor  /?k  =  h/e 2  ~  26  k£2  a  well 
defined  integral  number  of  electrons  within  the  dot  can 
be  realized.  However,  the  coupling  of  the  dot  to  the 
electrical  contacts  has  still  to  be  large  enough  to  allow 
transport  measurements.  Recently  it  has  been  demonstrated 
that  both  the  quantum  dot  and  the  tunnel  barriers  can  be 
simultaneously  grown  by  MBE  on  patterned  substrates  (see 
the  paper  by  M  Dilger  et  al  in  this  issue)  but  most  of 
the  published  data  are  based  on  transport  measurements 
on  two-dimensional  electron  systems  laterally  confined  by 
nanolithography.  The  quantum  dots  in  all  these  experiments 
have  the  shape  of  a  disc  with  the  thickness  of  a  two- 
dimensional  electron  gas  (about  10  nm)  and  a  diameter  of 
typically  300  nm.  Two  types  of  geometries  are  normally 
used  for  transport  measurements  which  differ  mainly  by  the 
connection  of  the  ‘quantum  disc’  to  external  reservoirs: 

(i)  Vertical  dot  systems,  where  the  tunnel  current  flows 
perpendicular  to  the  plane  of  the  disc.  Such  a  device 
is  basically  a  double-barrier  heterostructure  similar  to  a 
resonant  tunnelling  diode.  The  lateral  confinement  is 
realized  by  a  mesa  etching  process.  The  analysis  of  the 
current-voltage  characteristic  gives  information  about  the 
charging  of  the  dot  (starting  with  one  electron),  the  variation 
of  the  ground  state  energy  of  the  few  electron  system  in  a 
magnetic  field,  the  excited  states  of  the  dot  system  and  the 
local  density  of  states  in  the  emitter  and  collector  contacts. 
Recent  experimental  results  will  be  presented  in  section  2. 

(ii)  Planar  dot  system  where  the  ‘quantum  disc’ 
is  formed  by  a  negative  gate  voltage  applied  to 


lithographically  patterned  split  gates  on  top  of  a 
heterostructure  with  a  two-dimensional  electron  gas 
(2DEG).  The  depletion  of  the  2DEG  beneath  the  gate 
structures  is  used  for  both  the  lateral  confinement  of 
the  ‘quantum  disc’  and  the  formation  of  tunnel  junctions 
connecting  the  dot  to  the  undisturbed  two-dimensional 
electron  gas.  The  tunnelling  barriers  can  be  continuously 
changed  by  varying  the  gate  voltage  so  that  for  example 
the  coupling  between  adjacent  dots  can  be  adjusted  in  such 
a  way  that  the  transition  from  two  quantum  dots  to  one 
quantum  molecule  can  be  studied.  In  addition,  capacitively 
coupled  electrodes  allow  an  adjustment  of  the  electrostatic 
energy  of  the  dots  so  that  single-electron  transport  is 
possible  even  in  the  limit  of  small  bias  voltages  across  the 
structure.  The  planar  dot  system  is  therefore  much  more 
flexible  than  the  vertical  structure.  However,  contrary  to 
the  vertical  system  where  only  one  electron  in  a  potential 
minimum  within  the  disc  area  leads  to  a  tunnel  current, 
the  planar  structure  is  not  useful  for  the  study  of  few- 
electron  systems.  The  lateral  extension  of  the  few-electron 
wavefunction  is  normally  much  smaller  than  the  disc  area 
formed  by  the  gates,  so  that  the  transmission  through  the 
relatively  thick  tunnelling  barriers  becomes  unmeasurably 
small.  Therefore  an  accurate  determination  of  the  number 
of  electrons  in  a  lateral  quantum  dot  is  difficult.  In  section  3 
recent  experiments  on  a  planar  double-dot  system  with  a 
relatively  large  number  of  electrons  ( N  >  30)  are  presented. 

Transport  measurements  on  quantum  dots  at  low 
temperatures  are  dominated  by  the  Coulomb  charging 
energy.  The  energy  necessary  to  add  one  electron  onto  an 
island  with  a  capacitance  C  is  A E  =  e1  /C.  The  charging 
energy  for  a  GaAs  island  with  a  diameter  of  0.4  /tm  is  of 
the  order  of  1  meV,  whereas  the  level  separation  due  to  size 
quantization  is  one  order  of  magnitude  smaller.  A  detailed 
introduction  to  single-charge  tunnelling  and  an  overview 
about  theoretical  and  experimental  work  in  this  field  can  be 
found  in  the  proceedings  of  different  conferences  [1—3],  In 
the  following  sections  we  present  some  special  aspects  of 
experiments  on  vertical  and  lateral  GaAs  dots. 
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Figure  1.  Cross  section  of  a  double-barrier  tunnelling 
device  used  for  single-electron  spectroscopy. 


2.  Single-electron  tunnelling  in  vertical  dot 
systems 

Ashoori  et  al  have  shown  [4]  that  a  laterally  confined  2DEG 
can  be  charged  with  a  discrete  number  N  of  electrons 
(0  <  N  <  35)  by  tunnelling  from  the  substrate  through  a 
depletion  layer  into  the  dot.  The  change  of  the  dot  charge 
leads  to  a  charging  current  which  can  be  measured  directly. 
Such  an  experiment  gives  information  about  the  energies  of 
the  N-electron  ground  state.  Similar  results  are  obtained  if 
the  ‘leakage’  current  of  a  charged  dot  is  measured.  Such 
a  configuration  is  shown  in  figure  1.  The  dot  is  charged 
through  a  thin  emitter-dot  tunnel  barrier  of  5  nm  thickness 
(negative  potential  at  the  top  electrode).  The  ‘leakage’ 
current  I  through  the  relatively  thick  dot-collector  barrier 
(for  example,  9  nm  width)  is  directly  proportional  to  the 
number  of  electrons  in  the  dot  (if  the  tunnel  probability 
through  the  thick  barrier  remains  constant  in  the  range  of 
applied  emitter-collector  voltages). 

The  device  structure  shown  in  figure  1  is  used  for  all 
experiments  presented  in  this  section.  Details  about  the 
growth  and  fabrication  of  the  devices  have  been  published 
in  a  previous  paper  where  the  same  structures  were  used  to 
analyse  the  peak-to- valley  ratio  of  small  resonant  tunnelling 
devices  [5]. 

In  the  following,  transport  measurements  on  small 
double-barrier  tunnel  devices  are  presented  where  two 
parameters  are  varied,  the  diameter  of  the  mesa  structure 
(‘small’  or  ‘large’  devices)  and  the  direction  of  the  current 
through  the  asymmetric  structure.  The  notation  ‘small’ 
device  will  be  used  if  the  geometrical  diameter  of  the 
device  is  smaller  than  350  nm  and  the  lateral  confinement 
is  dominated  by  the  nearly  parabolic  depletion  potential 
as  sketched  in  figure  1.  (It  should  be  noted  that  the 
electrical  diameter  of  the  dot,  especially  for  the  few-electron 
system,  is  much  smaller  than  the  geometrical  diameter.) 
For  ‘large’  devices  not  the  geometrical  dimension  but  the 


potential  fluctuations  due  to  impurities  dominate  the  lateral 
confinement  for  the  first  electrons  in  the  dot.  In  order 
to  avoid  too  many  potential  minima  with  nearly  the  same 
energy  within  the  area  of  the  mesa  structure  (which  leads 
to  a  large  number  of  impurity-dots  in  parallel)  a  finite  (but 
not  too  small)  diameter  of  typically  0.5-2  /rm  is  required 
for  the  mesa  structure. 

The  simplest  current-voltage  characteristic,  which 
corresponds  to  the  capacitance  measurements  in  [4]  is 
observed  for  ‘small’  devices  under  charging  conditions 
where  the  electrons  are  injected  through  the  thin  emitter- 
dot  barrier  and  are  accumulated  in  the  dot  due  to  the 
small  transmission  of  the  thick  dot-collector  barrier. 
Figure  2  shows  a  typical  result  with  the  current-voltage 
characteristic  in  figure  2(a)  and  a  grey-scale  plot  of 
the  differential  conductance  d//dV  as  a  function  of  the 
magnetic  field  B  in  figure  2(b).  The  magnetic  field 
orientation  is  parallel  to  the  current  direction.  The  number 
of  electrons  in  the  dot  increases  step-like  with  increasing 
bias  voltage  V.  Every  time  the  electrochemical  potential 
of  the  dot  n(N)  =  E(N)  —  E(N  —  1)  (E(N)  is  the  ground 
state  energy  of  the  /V-electron  dot)  crosses  the  Fermi  energy 
of  the  emitter,  the  dot  charge  changes  by  one  electron. 
The  step  height  for  the  current  in  figure  2(a)  is  dominated 
by  the  transmission  probability  of  electrons  through  the 
thick  collector  barrier.  Systematic  studies  on  devices  with 
different  collector  barrier  thicknesses  show  that  the  step 
height  decreases  exponentially  if  the  barrier  thickness  is 
increased  [6].  The  analysis  of  the  magnetic-field-dependent 
charging  process  (figure  2(b))  gives  information  about  the 
ground  state  energy  of  quantum  dot  hydrogen,  quantum 
dot  helium,  etc.  The  monotonic  increase  in  the  energy  of 
the  one-electron  system  with  magnetic  field  (lowest  line 
in  figure  2(b))  contains  information  about  the  diameter  of 
the  artificial  hydrogen  (diamagnetic  shift)  whereas  the  non¬ 
monotonic  variation  of  the  other  lines  can  be  interpreted 
as  transitions  in  the  ground  state  energy  between  states  of 
different  angular  momentum  and  spin  (for  example  spin- 
singlet  to  triplet  transitions  for  quantum  dot  helium  in  a 
magnetic  field  [7]). 

A  similar  device  as  used  for  the  measurements  in 
figure  2,  but  with  an  inverted  polarity  for  the  bias  voltage 
(non-charging  condition,  injection  of  electrons  into  the  dot 
through  the  thick  barrier),  shows  a  quite  different  behaviour 
(figure  3).  Fine  structure  is  visible  in  the  plateau  region  due 
to  the  injection  of  electrons  into  excited  dot  states  M*(l)- 
This  process  influences  the  current  since  the  thick  emitter- 
dot  barrier  dominates  the  total  transmission  of  electron 
through  the  double-barrier  structure.  The  grey-scale  plot  in 
figure  3  shows  clearly  that  the  magnetic  field  dependence 
of  the  excited  states  follows  the  single-particle  energies  of 
one  electron  in  a  parabolic  confining  potential.  A  detailed 
analysis  of  excited  dot  states  has  been  published  by  Su  et 
al  [8]. 

A  quite  different  type  of  fine  structure  in  the  current- 
voltage  characteristic  is  visible  in  the  non-charging  regime 
of  ‘large’  devices  (figure  4).  For  completeness  a  reference 
measurement  on  the  same  device  as  shown  in  figure  4, 
but  under  reversed  bias  voltage  (charging  regime  where  the 
electrons  are  injected  through  the  thin  tunnel  barrier),  is 
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Figure  2.  Typical  result  for  the  current-voltage 
characteristics  (a)  and  the  magnetic-field-dependent 
differential  conductance  dl/dV  (in  grey  scale)  (b)  of  a 
small  dot  (dgeo  ~  350  nm)  in  the  charging  regime. 
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shown  in  figure  5.  The  current-voltage  characteristic  shows 
a  step-like  behaviour  similar  to  the  curve  in  figure  2(a), 
but  with  a  larger  current  since  the  thickness  of  the  collector 
barrier  is  8  nm  compared  with  9  nm  for  the  small  device  in 
figure  2.  The  weak  magnetic  field  dependence  of  the  one- 
electron  energy  indicates  that  the  first  electron  in  the  dot  is 
strongly  confined  (on  a  state  of  about  20  nm  diameter  at 
a  geometrical  diameter  of  0.5  /zm  for  the  mesa  structure). 
The  parallel  shift  of  the  second  line  in  figure  5(b)  indicates 
that  the  second  electron  is  not  used  to  form  quantum  dot 
helium  but  more  probably  a  second  quantum  dot  hydrogen 
spatially  separated  from  the  first  electron.  The  strong 
confinement  of  the  first  electron  in  a  large  quantum  dot 
seems  to  be  necessary  for  the  observation  of  the  new  type 
of  fine  structure  shown  in  figure  4. 

Basically,  fine  structure  in  the  non-charging  regime  of 
the  quantum  dot  may  arise  either  from  the  opening  of  new 
transmission  channels  (if  for  example  excited  dot  states 
cross  the  Fermi  energy  of  the  emitter,  see  figure  3)  or 
from  a  fluctuation  in  the  local  density  of  states  below  the 
Fermi  energy  of  the  emitter  (see  inset  in  figure  4(a)).  In 
this  case  the  quantum  dot  acts  as  a  spectrometer  with  high 
spatial  and  spectral  resolution.  The  fluctuations  in  the  local 
density  of  states  of  the  emitter  in  strong  magnetic  fields 
(B  >  4  T)  seem  to  be  related  to  the  Landau  levels  in  a 
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Figure  3.  Same  experiments  as  shown  in  figure  2  but  for  a 
bias  voltage  polarity  corresponding  to  the  non-charging 
regime  (see  inset  of  figure  3(a)). 


three-dimensional  system 

E  =  (n  +  \)Tiwc  +  — f  (1) 

z  2m* 

where  n  is  the  Landau  quantum  number,  Ticoc  =  heB/m*  is 
the  cyclotron  energy  and  kz  is  the  wavevector  in  the 
direction  of  the  magnetic  field. 

The  line  VX(B)  in  figure  4(b)  which  characterizes  the 
resonance  of  the  Fermi  energy  Ep  in  the  emitter  with  the 
single-electron  energy  /x(l)  of  the  dot  fulfils  the  equation 

£F  =  /r(l)  -  cteVi(B)  (2) 

where  a  is  the  voltage-energy  conversion  coefficient  with 
a  ~  0.5  for  the  dot  energies.  In  a  similar  way  the  fine 
structure  lines  V(B )  are  obtained  if  the  Fermi  energy  in 
equation  (2)  is  replaced  by  the  Landau  energy  E  in  (1) 

E  =  n(\)-aeV(B).  (3) 

The  combination  of  (1)— (3)  leads  to  the  relation 

1  (  h2k2\  1  ,  ,heB 

V(B)  =  V,(B)  +  -(e +  — ,(4> 

The  experimentally  observed  negative  slope  dV/dB  of  the 
fine  structure  seems  to  be  related  to  the  term 
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Figure  4.  Fine  structure  in  the  current-voltage 
characteristic  of  a  large  dot  (dgeo  «  0.5  /xm)  in  the 
non-charging  current  direction:  (a)  current-voltage 
characteristic  (the  electron  flow  relative  to  the  thin  and  thick 
tunnelling  barriers  is  shown  in  the  inset);  ( b )  grey-scale  plot 
for  the  differential  conductance  d//dV  as  a  function  of  bias 
voltage  and  magnetic  field. 


(see  equation  (4))  which  contains  no  adjustable  parameter. 
The  agreement  of  this  slope  with  the  experimental  data 
in  the  magnetic  field  range  around  B  —  8  T  where  two 
occupied  Landau  levels  in  the  emitter  are  expected  (n  —  1) 
may  be  accidental  since  the  slope  does  not  change  by  a 
factor  of  three  in  higher  magnetic  fields  with  n  =  0.  The 
large  number  of  nearly  parallel  lines  in  figure  4 (b)  can 
be  explained  if  quantized  values  for  kz  are  assumed.  We 
believe  that  the  distribution  of  impurities  in  the  emitter 
selects  the  special  kz  values. 

In  summary,  the  single-electron  tunnelling  in  double¬ 
barrier  heterostructures  can  be  used  to  investigate  the  N- 
electron  ground  state  energies  of  a  quantum  dot,  the  excited 
single-electron  state  energies  and  the  local  density  of  states 
in  the  emitter. 

3.  Single-electron  tunnelling  in  lateral  double 
quantum  dot  systems 

Most  of  the  published  data  concerning  single-electron 
transport  in  semiconductors  are  based  on  quantum  dots 
which  are  formed  by  negatively  biased  split  gates  on  top 
of  a  GaAs/AlGaAs  heterostructure.  The  main  advantage  of 
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Figure  5.  Experimental  data  for  the  large  dot  in  the 
charging  regime,  (a),  fib)  as  figure  4. 


such  devices  compared  with  the  vertical  tunnel  structure  is 
that  the  starting  material  is  a  high-quality  two-dimensional 
electron  gas  and  that  the  lateral  confinement  does  not 
introduce  additional  impurities  (whereas  the  high  doping 
of  the  bottom  contact  in  the  vertical  structure  often  leads 
to  a  contamination  of  the  dot  area  with  impurities).  In 
addition  the  electrostatic  potential  of  the  lateral  dot  can 
be  varied  with  back  gate  (Vjg)  and  top  gate  (VT)  voltages. 
This  means  that  the  dot  can  be  charged  even  without  a  finite 
emitter-collector  voltage. 

At  gate  voltages  VB,  VT  where  the  dot  charge  changes 
by  one  electron,  an  emitter-collector  current  through  the 
dot  is  possible.  In  a  VB-VX  diagram,  this  condition  is 
characterized  by  parallel  lines  which  separate  the  Coulomb 
blockade  regimes  with  a  fixed  number  of  electrons  in  the 
dot.  The  slope  of  the  lines  is  determined  by  the  capacitive 
coupling  of  the  dot  to  the  gate  electrodes.  (The  lines 
broaden  proportional  to  the  emitter-collector  voltage  Vec 
and  contain  fine  structure  due  to  excited  states  in  the 
quantum  dot  [9],  This  nonlinear  behaviour  will  not  be 
discussed  in  the  following,  and  only  data  with  excitation 
voltages  14c  less  than  5  yiV  will  be  presented.) 

If  two  independent  dots  are  connected  in  series,  a  finite 
conductivity  through  the  double-dot  structure  is  expected 
only  at  gate  voltages  VB,  V-r  where  both  dots  have  a  finite 
conductivity.  This  corresponds  to  the  crossing  points  of 
two  sets  of  parallel  lines  in  the  VB-VT  charging  diagram 
as  shown  in  figure  6(a).  The  different  slopes  of  the  lines 
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Figure  6.  Charging  diagram  for  a  double-dot  system  (DDS):  (a)  two  independent  dots;  (b)  two  dots  coupled  by  Coulomb 
interaction;  (c)  two  dots  coupled  by  both  Coulomb  interaction  and  tunnelling  processes.  The  full  lines  separate  the  gate 
voltage  regions  where  the  total  number  of  electrons  in  both  dots  changes  by  one  elementary  charge.  The  arrows  indicate  the 
parallel  shift  of  the  lines  due  to  Coulomb  interaction  and  the  shift  due  to  tunnelling  processes  between  the  two  dots. 


Figure  7.  Measured  conductivity  of  a  double-dot  system  as  a  function  of  the  top  gate  voltage  VVg-  The  gate  voltage  variation 
corresponds  to  a  measurement  along  the  broken  line  of  the  charging  diagram  (see  inset).  The  full  lines  for  the  conductivity 
are  calculated  including  the  Coulomb  interaction  and  a  finite  temperature.  The  structure  at  VTg  ~  -0.04  V  originates  from  the 
finite  tunnelling  probability  between  the  two  dots. 

originate  from  different  capacitive  coupling  of  the  dots  to  points  (where  the  number  of  electrons  NA  and  NR  in  the 

the  gate  electrode,  which  is  the  case  if  the  dots  A  and  two  dots  can  be  changed  simultaneously)  is  lifted  if  the 

B  have  different  sizes.  The  degeneracy  at  the  crossing  Coulomb  interaction  between  the  two  dots  (characterized 
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by  an  interdot  capacitance)  is  included.  A  variation  in  the 
charge  of  dot  A  leads  to  a  shift  in  the  electrostatic  potential 
of  dot  B  and  vice  versa.  This  results  in  a  parallel  shift  of 
the  lines  in  figure  6(a)  as  shown  in  figure  6(b).  The  zig-zag 
curves  separate  the  areas  of  the  charging  diagram  which  are 
characterized  by  a  constant  total  charge  of  both  dots. 

If  the  separation  between  the  two  dots  disappears 
(combination  of  the  two  dots  to  one  larger  dot),  the  zig¬ 
zags  in  figure  6(b)  become  straight  lines  as  expected  for  a 
single  dot.  Up  to  now  the  contribution  of  a  finite  tunnelling 
probability  between  the  two  dots  has  not  been  included 
and  the  following  discussion  concentrates  on  the  influence 
of  tunnelling  processes  between  the  dots  on  the  transport 
characteristic  of  a  double  dot  system  (DDS). 

The  influence  of  electron  tunnelling  between  two  dots 
on  the  charging  diagram  is  shown  in  figure  6(c).  The 
straight  lines  correspond  to  the  situation  of  vanishing 
overlap  of  the  electron  wavefunctions  in  the  two  dots  (but 
including  Coulomb  interaction  between  the  dots)  and  the 
curves  are  expected  if  the  overlap  leads  to  a  bonding¬ 
antibonding  splitting  of  the  ground  state  of  the  double¬ 
dot  system.  The  existence  of  a  coherent  mode  in  the 
DDS  leads  to  a  finite  conductivity  through  the  system  even 
if  the  gate  voltages  do  not  match  exactly  the  positions 
where  sequential  single-electron  transport  through  the  DDS 
is  allowed  (crossing  points  in  the  charging  diagrams  of 
figures  6(a)  and  (b)).  Basically  a  finite  temperature  may 
lead  to  a  broadening  of  the  singularities  for  the  conductivity 
in  the  Vb-Ut  diagram  but  an  analysis  of  the  conductivity 
as  a  function  of  both  Vb  and  Vf  shows  that  the  so- 
called  ‘stochastic  Coulomb  blockade’  cannot  explain  the 
experimental  results.  In  addition  the  following  results 
support  the  idea  that  a  molecular-like  state  in  the  DDS  can 
be  formed: 

(i)  Temperature-dependent  measurements  (23  mK  < 
T  <  1.6  K)  through  a  DDS  (for  device  parameters  see 

[10])  show  that  the  conductivity  decreases  with  increasing 
temperature  in  the  region  where  coherent  transport  is 
expected.  This  may  be  explained  by  a  destruction  of  the 
coherence  with  increasing  temperature. 

(ii)  The  coherent  transport  through  a  DDS  may  be 
destroyed  by  an  emitter-collector  voltage  larger  than  the 
bonding-antibonding  splitting  (similar  to  the  Wannier- 
Stark  localization  in  superlattices).  Such  negative 
differential  conductance  has  been  observed  [11]. 

(iii)  As  shown  in  figure  7,  additional  structures  are 
observed  (indicated  by  a  vertical  arrow)  close  to  gate 


voltages  of  the  main  resonance  (=  largest  peak  in  the 
logarithmic  plot).  The  corresponding  gate  voltage  sweep 
within  the  charging  diagram  is  shown  as  a  broken  line  in 
the  inset.  The  variation  in  the  period  of  the  oscillations 
by  about  30%  is  a  result  of  the  dot-dot  interaction  and 
the  additional  structure  at  Vtg  =  —0.04  V  can  be  well 
interpreted  as  a  state  resulting  from  the  tunnel  splitting. 
The  full  lines  in  figure  7  are  the  expected  lineshapes  if  a 
thermal  broadening  is  included. 

All  these  experiments  indicate  that  not  only  the 
Coulomb  interaction  between  two  dots,  which  has  been 
discussed  by  different  groups  for  both  metallic  [12] 
and  semiconductor  systems  [13-16],  but  also  the  finite 
tunnelling  probability  between  two  dots  influences  the 
electronic  properties  of  double-dot  systems. 
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Abstract.  We  report  photon-assisted  tunnelling  (PAT)  through  a  quantum  dot  with 
zero-dimensional  (0D)  states.  PAT  allows  electrons  to  reach  previously 
inaccessible  energy  states  by  absorbing  or  emitting  photons  from  a  microwave 
signal.  We  discuss  a  model  based  on  a  master  equation  for  a  quantum  dot  with  0D 
states  and  include  PAT  processes.  Simulations  are  compared  with  measurements. 


1.  Introduction 

Transport  through  a  quantum  dot  is  regulated  by  Coulomb 
blockade  effects.  The  energy  to  put  an  extra  electron  on  a 
quantum  dot  includes  a  charging  energy  Ec  and  a  finite 
energy  difference  Ae  arising  from  the  confinement.  A 
dot  is  said  to  have  0D  (zero-dimensional)  states  if  Ac 
is  larger  than  the  thermal  energy  k%T .  Usually,  elastic 
tunnel  processes  through  such  discrete  quantum  states  are 
investigated.  In  the  presence  of  a  high-frequency  signal 
inelastic  transport  processes  are  also  possible.  Electrons 
can  then  reach  previously  inaccessible  energy  states  by 
absorbing  or  emitting  photons  from  the  high-frequency 
signal  during  tunnelling.  This  is  known  as  photon-assisted 
tunnelling  (PAT). 

The  theory  of  PAT  for  a  single  tunnel  junction 
dates  back  to  the  work  of  Tien  and  Gordon  in  1963 
[1].  Experiments  with  high-frequency  signals  applied 
to  a  quantum  point  contact  were  reported  in  [2], 
In  these  experiments,  however,  PAT  could  not  be 
demonstrated  unambiguously.  PAT  has  been  demonstrated 
in  superlattices  irradiated  by  a  free  electron  laser  [3]. 
PAT  was  also  shown  in  quantum  dots  without  OD  states 
[4, 5].  Here,  we  discuss  a  Tien-Gordon  model  for  quantum 
dots  containing  OD  states.  We  present  simulations  on  the 
interplay  between  PAT  processes  and  OD  states.  (Such 
tunnel  processes  are  sketched  in  the  inset  of  figure  2.)  The 
simulations  can  be  used  to  study  the  effects  of  relaxation 
processes.  Finally,  we  discuss  measurements  on  PAT 
through  OD  states. 

2.  PAT  through  a  single  junction 

Our  first  step  is  to  look  at  photon-assisted  transport  through 
a  single  tunnel  junction.  Suppose  that  we  have  an 
oscillating  potential  difference  across  a  tunnel  junction 
V  cos  (cot):  in  which  V  is  the  a.c.  amplitude  and  co  is 
the  angular  frequency.  This  gives  a  Hamiltonian  H  = 
Ho  +  Him  =  Hq  +  eVcos (cot).  Hq  is  the  unperturbed 


Hamiltonian  describing  the  two  leads  on  either  side  of  the 
tunnel  junction.  The  effect  of  the  oscillating  potential  is 
that  the  time-dependent  part  of  the  electron  wavefunction, 
when  expanded  into  a  power  series,  contains  the  energy 
components  E,  E  ±  hco,  E  ±  2 hco, . . . ,  etc  where  hco  is 
the  photon  energy.  These  energy  components  are  called 
sidebands.  The  expansion  can  be  done  as  [1] 

i f/(r,  t )  =  <p(r)  exp  (-/  d t[E  +  eV  cos(tur)]/^^ 

OO 

=  <p(r)  exp(— iEt/h)  Jn(eV /hco)  exp(— incot) 

n=—o o 

oo  \ 

Y  Jn(eV/hco)exp[-i(E +  nhco)t/h]  I  (I) 

n=—o o  ' 

cp(r)  is  the  space-dependent  part  of  the  wavefunction 
\f/(r,t).  Jn(a)  is  the  nth-order  Bessel  function  of  the 
first  kind  evaluated  at  a  —  eV /hco.  The  sidebands  are 
only  well  defined  if  the  number  of  tunnel  events  per  unit 
of  time  (i.e.  the  tunnel  rates)  are  much  smaller  than  the 
photon  frequency.  Because  there  is  no  electric  field  in 
the  scattering-free  leads,  mixing  of  electron  states  in  the 
leads  is  absent  [6].  The  probability  for  tunnelling  from 
an  occupied  state  E  to  an  unoccupied  state  E  +  nhco 
is  given  by  P(E  ->  E  +  nhco)  =  J„(a).  A  positive 
(negative)  n  corresponds  to  the  absorption  (emission)  of 
n  photons  during  the  tunnel  process.  Elastic  tunnelling 
without  photons  corresponds  to  n  =  0. 

A  net  current  flows  by  introducing  an  asymmetry,  for 
instance,  by  applying  a  d.c.  bias  voltage  Vo  between  the 
two  leads.  If  tunnelling  is  a  weak  perturbation,  the  current 
in  the  presence  of  microwaves  /  is  given  by  [1] 

OO 

/(Vb)  =  c  Y  Jn(eV/hw) 

n=—oo 

/oo 

[/,  (E  -  eVo)  -  ME  +  nhco)]pA(E  -  eV0) 

-OO 

x/ob(E  +  nhco)  d E 
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=  X  jZ(eV/hco)I(V0  +  nTuo/e).  (2) 

n=—oo 

f(E)  is  the  Fermi  function,  pA  and  pn  are  the  unperturbed 
densities  of  states  of  the  two  leads,  c  is  a  constant,  which  is 
proportional  to  the  tunnel  conductance,  and  I  is  the  tunnel 
current  without  an  oscillating  field.  For  a  single  junction 
the  d.c.  current  in  the  presence  of  microwaves  is  thus  simply 
described  in  terms  of  the  d.c.  current  without  microwaves. 
Note  that  for  a  double  junction  equation  (2)  is  not  valid,  as 
will  be  shown  in  the  following. 

3.  The  OD  model  based  on  a  master  equation 

Our  model  is  based  on  a  master  equation  approach  [7]  with 
the  inclusion  of  PAT.  We  assume  Ec  ~2>  Ae,  ksT,  hf  =  Tuo 
such  that  we  can  use  a  two-state  (N  and  N  +  1)  model  [8]. 
We  neglect  level  broadening  due  to  a  finite  lifetime  of  the 
electrons  on  the  dot.  A  quantum  dot  state  can  be  described 
by  the  total  number  of  electrons  on  the  dot  (which  is  either 
N  or  N  +  1)  together  with  x  which  describes  the  particular 
distribution  of  electrons  over  the  OD  states.  The  net  current 
through  the  dot  I  follows  from  the  probability  /V  x  that  a 
particular  distribution  is  occupied  together  with  the  tunnel 
rates  through  one  of  the  barriers: 

/  =  £  £  w.V£E^+«  x'ru 

X  y=empty  X'  7=full 

Here  Tj"  <out)are  the  rates  into  or  out  of  OD  state  j,  through 
the  left  barrier: 

Tj"  (<Fy)  =  T,  X  -  nTuo  +  eV0) 

n 

=  r,  X  Jfa i)[l  -  /(«/  -  nTuo  +  e Vo)]  (4) 

n 

where  Ti  is  the  tunnel  rate  of  the  left  barrier  determined 
by  the  barrier  shape,  and  e}  is  the  energy  of  OD  state  j 
measured  relative  to  the  Fermi  energy  of  the  right  lead.  An 
equivalent  set  of  equations  can  be  given  for  the  right  barrier 
taking  V0  =  0.  In  the  following  simulations  we  take  equal 
a.c.  amplitudes  dropping  across  the  left  and  right  barriers; 
i.e.  o']  =  aT  =  a.  The  probabilities  Pn.x>  are  calculated 
from  the  set  of  master  equations  given  by 

^.x=X^+'-x(ri°t  +  r 

X' 

-PN.X  E  <ri"-  +  rr"P  +  E  'Vx'-rV-X 

7=empty  X"#X 

~Pn.x  E/  ^x-»x"'  (5) 

x'"#x 

and  its  equivalent  for  PN+\.X>.  Note  that  for  N  =  2  we  have 
ten  different  x  if  we  include  five  different  OD  states,  so  we 
have  ten  equations  P/v.x>  ar>d  another  ten  equations  P^+\,yj ■ 
The  first  two  terms  in  equation  (5)  correspond  to  a  change 
in  the  occupation  probability  of  a  certain  distribution  due 
to  tunnelling  (the  number  of  electrons  on  the  dots  changes). 
The  first  term  takes  into  account  the  rates  that  correspond  to 
an  electron  tunnelling  out  of  state  jx>  leaving  the  dot  in  the 
distribution  ( N ,  x)-  For  an  electron  tunnelling  into  the  dot 


one  needs  to  sum  over  all  the  states  j  that  are  empty  when 
the  dot  is  in  state  x  (second  term).  In  the  last  two  terms 
the  number  of  electrons  on  the  dot  stays  the  same,  only  the 
distribution  over  the  states  changes  (i.e.  electrons  relax  to 
a  lower  level  or  they  are  excited  to  a  higher  level).  We 
take  excitation  rates  equal  to  zero  (no  mixing  of  electron 
states  in  the  dot  due  to  the  high  frequency)  and  non-zero 
relaxation  rates. 

To  find  a  stationary  solution  for  the  occupation 
probabilities  in  the  dot  these  equations  are  set  to  zero  and 
solved  with  the  boundary  condition: 

E  Pn  *  +  E  Pn+'-x'  ~  L 

x  x' 

The  current  is  calculated  for  a  fixed  set  of  OD  energies 
{ej}.  The  effect  of  a  gate  voltage  is  simulated  by  shifting 
the  OD  energies  €j  relative  to  the  Fermi  energy  of  the  right 
reservoir. 

Figure  1  shows  simulations  without  relaxation  between 
the  states  in  the  dot.  We  have  taken  Ae  =  3Tuo  for 
the  curves  in  the  inset.  Next  to  the  main  resonance  we 
see  that  side  peaks  develop  at  multiple  values  of  Tuo/e 
when  a  is  increased.  In  the  main  figure  we  have  taken 
Ae  =  0.75Tno.  Here  not  only  do  side  peaks  develop  but 
we  also  see  peaks  at  other  gate  voltages.  These  peaks  arise 
due  to  the  interplay  between  the  OD  states  and  the  photon 
energy.  Their  locations  are  described  by  ( m  Ae  +  nTuo)/e 
where  m  =  0,  ±1,±2,  ...  and  n  is  the  photon  number. 
Similar  simulation  results  have  been  reported  by  Bruder 
and  Schoeller  [9], 

Figure  2  shows  an  expansion  for  the  curve  a  =  1.  We 
have  assigned  the  excited  states  ej  and  the  particular  PAT 
process.  The  N  +  1  ground  state  is  denoted  by  j  =  0, 
positive  j  are  excited  states  above  to  and  negative  j  are 
below  e0-  Note  that  a  curve  like  this  resembles  an  atomic 
spectrum.  The  inset  shows  the  effects  of  relaxation.  It  is 
seen  that  upon  increasing  the  relaxation  rate  the  peaks  that 
correspond  to  transitions  through  excited  states  decrease 
while  the  peaks  corresponding  to  transitions  through  the 
ground  state  increase. 

4.  Experiments 

In  figure  3  data  are  shown  from  a  dot  with  a  measured 
OD  splitting  of  approximately  140  /zeV.  This  is  four  or 
five  times  larger  than  the  thermal  energy.  With  a  split 
gate  technique  a  small  dot  of  lithographic  size  600  x 
300  nm2  was  formed  in  the  2DEG  of  a  GaAs/AlGaAs 
heterostructure  with  mobility  2.3  x  106  cm2  V-1  s_1  and 
electron  density  1.9  x  101S  m-2  at  4.2  K.  In  addition  to 
the  d.c.  voltages  on  the  gates  a  microwave  signal  (0- 
75  GHz)  was  capacitatively  coupled  to  one  of  the  gates. 
The  effective  electron  temperature  was  found  to  be  about 
300  mK.  The  charging  energy  Ec  =  1.2  ±  0,1  meV. 
Using  finite  bias  voltage  measurements  the  energy  splitting 
between  the  ground  state  and  the  first  excited  state  was 
determined  to  be  approximately  140  /xeV  (four  or  five  times 
larger  than  the  thermal  energy)  and  the  conversion  factor 
from  gate  voltage  to  energy  could  be  deduced. 
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Gate  Voltage  (units  hf/e) 

Figure  1.  Simulation  without  relaxation.  The  parameters  for  the  data  in  the  inset  are  Ae  =  3 tuo,  hf  =  5 keT,  and  from  top  to 
bottom  a  =  0, 1, 1.5, 2.  The  parameters  for  the  main  figure  are  Ae  =  0.75/to,  hf  =  20 kBT  and  from  top  to  bottom 
a  =  0,  0.5,0.75, 1,1.5. 


-2-10  1  2 

Gate  Voltage  (units  of  hf/e) 


Figure  2.  Expansion  for  the  curve  a  =  1  from  figure  1.  The  right  inset  shows  the  effects  of  increasing  relaxation.  The 
relaxation  rates  divided  by  the  tunnel  rate  are  0,  0.1,  0.35,  1,  3.5  and  infinite.  The  left  inset  sketches  a  photon  absorption 
process  to  overcome  the  Coulomb  gap. 


The  d.c.  current  /  was  measured  as  a  function  of  the 
d.c.  gate  voltage  Vg  in  the  presence  of  a  microwave  signal. 
The  data  shown  in  figure  3  were  taken  at  45  GHz  for 
different  microwave  powers  corresponding  to  a  ranging 
from  1  to  3.  The  photon  energy  hf  —  185  /reV  is 
indicated  by  the  vertical  dotted  lines  in  the  figure.  Bumps 
with  a  spacing  corresponding  to  the  photon  energy  are 
clearly  seen.  We  interpret  these  bumps  as  photon  side 
peaks.  Additional  structure  due  to  excited  0D  states  in 
between  photon  side  peaks  is  washed  out,  probably  because 
the  difference  between  the  photon  energy  and  the  0D 


splitting  is  comparable  to  temperature.  At  higher  powers 
the  neighbouring  Coulomb  peak  starts  to  lift  the  current  at 
the  right  of  the  peak. 

The  broken  curves  are  fits.  The  lower  curve  has  a  =  1 
and  no  relaxation.  The  upper  curve  fitted  best  with  oc  =  1.4 
and  50%  relaxation.  However,  it  is  not  clear  whether  the 
incorporation  of  relaxation  is  really  required  to  explain  the 
data. 

Our  measurements  do  show  for  the  first  time  PAT 
through  discrete  0D  states.  With  a  lower  electron 
temperature  the  side  peaks  should  become  more  pronounced 
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Figure  3.  A  measurement  of  a  single  Coulomb  peak  in  the  presence  of  microwaves  with  f  =  45  GHz.  The  different  curves 
are  for  increasing  power.  The  two  broken  curves  are  fits  for  a  =  1  and  1 .4. 


and  a  more  detailed  comparison  between  simulations  and 
experiments  may  give  information  concerning  relaxation 
processes.  Future  work  will  also  include  PAT  in  double  dots 
with  zero-dimensional  states.  Here  it  should  be  possible 
to  attain  a  higher  resolution  [10].  Double  dots  are  also 
promising  for  studying  coherent  tunnel  processes  involving 
PAT  [11]. 
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Abstract.  The  electronic  structure  of  lens-shaped  InGaAs  self-assembled  quantum 
dots  (SADs)  is  studied  as  a  function  of  the  dot  size,  the  confining  potential  and  the 
magnetic  field.  Numerical  calculations  show  the  formation  of  the  electronic  shell 
structure  to  be  well  approximated  by  a  Fock-Darwin  energy  spectrum.  Many-body 
effects  in  electronic  and  optical  properties  of  SADs  charged  with  electrons  and/or 
excitons  are  investigated  using  exact  diagonalization  techniques.  The  capacitance, 
infrared  and  interband  absorption/emission  spectra  are  calculated  as  a  function  of 
the  number  of  particles,  the  size  and  the  magnetic  field. 


1.  Introduction 

Self-assembled  dots  (SAD)  [1]  are  small  quasi-two- 
dimensional  semiconductor  structures.  Their  shape  and 
hence  their  electronic  properties  depend  on  growth 
conditions.  Dots  in  the  shape  of  pyramids  [2, 3],  disks 
[4]  and  lenses  [1,5-7]  have  been  reported,  although  the 
actual  determination  of  the  shape  is  not  definite.  The  SAD 
described  here  are  the  lens-shaped  structures  spontaneously 
formed  on  a  narrow  InGaAs  wetting  layer  (WL)  and 
surrounded  by  the  GaAs  barriers  [1,5-7].  We  study  the 
dependence  of  energy  levels  of  SAD  on  size,  depth  of 
confining  potential  and  the  magnetic  field  in  the  effective 
mass  approximation.  In  our  SAD  both  electrons  and 
valence  band  holes  are  confined  and  interband  magneto¬ 
optics  is  a  useful  tool  in  relating  structural  parameters 
to  the  photoluminescence  (PL)  and  absorption  spectra 
[6,7].  For  many  applications,  the  SAD  must  be  charged 
with  either  many  electrons  or  many  excitons.  We 
investigate  the  effects  of  electron-electron  and  electron- 
hole  interactions  on  electronic  and  optical  properties  of 
SAD  containing  many  electrons  and/or  excitons  [2,7-9] 
using  exact  diagonalization  techniques.  The  single-electron 
capacitance  (SECS),  far-infrared  (FIR)  and  PL/absorption 
spectra  are  calculated  as  a  function  of  the  number  of 
particles,  the  size  and  the  magnetic  field.  Results  are 
compared  with  SECS  and  FIR  experiments  by  Drexler  et 
al  [5]  and  PL  experiments  by  Raymond  et  al  [7], 

2.  Single-particle  states 

A  schematic  picture  of  a  lens-shaped  Ino.5Gao.5As  SAD 
formed  on  a  wetting  layer  (WL)  of  thickness  tw,  and 
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modelled  as  a  part  of  a  sphere  with  fixed  height  h  and 
radius  at  the  base  s  is  shown  in  figure  1.  SAD  with 
different  sizes  are  characterized  by  a  constant  ratio  h/s 
[6,7],  The  carriers,  confined  to  a  narrow  WL  quantum 
well,  are  further  localized  in  the  area  of  the  dot  due 
to  the  effectively  increased  thickness  of  the  layer.  The 
parameters  of  WL  and  SAD  material  enter  through  the 
effective  Rydberg  constant  Ry*  =  meeA  jle2Ti2  and  the 
effective  Bohr  radius  =  eh.2/mee2,  with  me  and  e 
being  the  electron  effective  mass  and  the  dielectric  constant 
respectively.  These  parameters  include  all  effects  due 
to  strain,  discontinuities  in  the  effective  mass,  dielectric 
constants,  etc.  The  effects  of  strain  are  approximated 
by  calculating  a  uniform  hydrostatic-pressure  shift  and  a 
uniaxial  stress-induced  valence-band  splitting.  Assuming 
a  conduction-band  offset  of  67%,  the  resulting  electron 
confining  potential  is  Vo  =  350  meV,  the  effective  mass  of 
strained  Ino.5Gao.5As  me  =  0.067  and  the  dielectric  constant 
e  =  12.5. 

Two  approximate  methods  of  solving  the  three- 
dimensional  (3D)  Schrodinger  equation  were  used  [10]:  (a) 
full  3D  numerical  diagonalization  for  SAD  embedded  in  a 
large  infinite-wall  disk  and  ( b )  an  adiabatic  approximation. 

In  the  physically  intuitive  adiabatic  approximation,  the 
3D  problem  is  reduced  to  an  effective  two-dimensional 
(2D)  problem  since  the  electron’s  wavefunction  is  strongly 
confined  in  the  narrow  quantum  well  of  the  WL.  With 
coordinates  r  in  the  plane  and  z,  perpendicular  to 
the  WL,  the  wavefunction  is  written  as  x}f(r,9,z)  = 
-T=eim£lgr(z)/m(r).  Here  gr(z)  is  a  slowly  varying  function 
of  r  in  a  confining  potential  Ve(r,  z).  In  each  angular 
momentum  channel  m  the  wavefunctions  g  and  fm  satisfy 
a  set  of  equations: 

32  \ 

-z—j  +  Ve(r,z)jgr(z)  =  E0(r)gr(z)  (1) 
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Figure  2.  Dependence  of  the  electronic  energy  spectrum 
of  the  SAD  on  its  size. 


Figure  1.  Top:  a  schematic  picture  of  the  InGaAs/GaAs 
SAD  modelled  as  a  part  of  a  sphere  on  a  narrow  WL. 
Bottom:  effective  lateral  confining  potential  for  electrons 
and  for  holes. 
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fm(r)  =  Efm(r ). 


(2) 


We  first  find  the  energy  Eo(r)  corresponding  to  the  motion 
in  the  z  direction  at  the  distance  r  from  the  centre  of  the 
dot,  shown  as  the  effective  2D  potential  in  figure  1.  The 
radial  motion  in  the  effective  potential  Eo(r)  is  next  solved 
exactly  for  each  angular  momentum  channel  for  both  bound 
and  scattered  states. 

In  figure  2  we  show  the  dependence  of  the  energy 
spectra  of  bound  states  on  the  radius  of  the  dot  s,  with 
a  fixed  ratio  h/s  =  0.24  and  V0  =  350  meV.  As  the  size 
of  the  dot  exceeds  s  &  80  A,  bound  states  with  significant 
binding  energy  become  visible.  The  states  tend  to  bunch 
into  groups,  forming  well  separated  shells.  The  number 
of  bound  states  and  the  spacing  of  energy  levels  compare 
well  with  [5,7].  The  spacing  of  energy  levels  and  the 
wavefunctions  are  very  well  fitted  by  Fock-Darwin  (FD) 
energy  levels,  as  discussed  below. 

The  FD  states  | nm)  =  (at)"(bt)m|00)/v/nbnT  are  those 
of  a  pair  of  harmonic  oscillators  with  energies  Q±  = 
±  ooc),  where  Q2  =  oo2  +  4co2,  coc  -  eB/cme 
is  the  cyclotron  energy,  and  coo  measures  the  effective 
confinement  energy.  Associating  index  n  with  frequency 
£2+  and  index  m  with  frequency  £2_,  the  energy  Eenm 
and  orbital  angular  momentum  Rnm  of  the  state  | nm)  are 
Rnm  =  rn  n  and  E‘m  =  £2_| _(n  T  5)  T  (m  +  ^). 
The  Zeeman  energy  is  very  small  and  can  be  neglected. 


The  eigenstates  are  doubly  degenerate  due  to  spin  a. 
The  valence  band  holes  are  treated  in  the  effective  mass 
approximation  as  a  positively  charged  particle  with  angular 
momentum  Rhmn  =  n  —  m,  opposite  to  the  electron,  and 
FD  energies  Ehmn  =  ?lh+(n  +  5)  +  Qh_ (m  +  ±)  (ignoring  the 
semiconductor  gap  Eg)-  For  special  values  of  the  magnetic 
field  Bp  such  that  S2+  =  the  energy  spectrum  of 

electrons  (holes)  Emn  =  S2_(n  +  pm  +  1)  is  degenerate 
for  n  +  pm  —  t,  with  t  labelling  electron  (hole)  shells  and 
g,  the  degeneracy  of  each  shell.  Level  crossing  takes  place 
for  intermediate  magnetic  fields.  For  B  =  0,  the  degenerate 
shells  can  be  labelled  as  s,  p,  d, . . ..  In  a  strong  magnetic 
field,  degeneracies  are  removed  and  electron  (hole)  energies 
E(m)  increase  linearly  with  angular  momentum  R  =  m. 


3.  Many-particle  states 

With  a  composite  index  j  =  [ m,n,a ]  describing  the  FD 
states,  the  Hamiltonian  of  the  interacting  electron  (electron- 
hole)  system  may  be  written  in  a  compact  form: 

h  =  J2  Eictci  +  E  E‘hth>  -  X>m*i  mcfhpkd 

i  i  ijkl 

+ T  X)  I Vee  \kl  >  ct ct CkCl 

1  ijkl 

+\Yl^Vhh\ M)httfhkhi.  (3) 

Z  ijkl 

The  operators  c(+  (c,),  hf  (h,)  create  (annihilate)  the  electron 
or  valence  band  hole  in  the  state  |i)  with  the  single-particle 
energy  E ,.  The  two-body  Coulomb  matrix  elements  are 
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{ij\v\kl)  for  electron-electron  (ee),  hole-hole  (hh)  and 
electron-hole  (eh)  scattering  respectively  [11, 12]. 

The  eigenstates  |  v)  of  the  electron  (electron-hole) 
system  with  N  electrons  (excitons)  are  expanded  in 
products  of  the  electron  and  hole  configurations  |v)  = 
(FljLi  c/)(nf=i  UP  t0  30  Single-particle  states 

per  dot,  including  spin,  are  used  in  calculations.  The 
configurations  are  labelled  by  total  angular  momentum  R,„ , 
and  the  z  component  of  total  spin  S'z0! .  For  electrons, 
numerical  diagonalization  of  up  to  IV  =  6  electrons  was 
carried  out  for  Hilbert  spaces  with  different  total  angular 
momentum.  For  excitons,  we  concentrate  on  the  optically 
active  subspace  of  R,0,  =  0  and  S‘ot  =  0.  A  combination 
of  exact  diagonalization  techniques  (for  up  to  W  =  6 
excitons)  in  configuration  space  coupled  with  the  Hartree- 
Fock  approximation  extended  calculations  up  to  A  =  20 
excitons. 

4.  Capacitance  and  infrared  spectroscopy 

Drexler  et  al  [5]  reported  SECS  and  FIR  absorption 
measurements  of  charged  self-assembled  InxGai_x  As/ 
GaAs  SAD  in  a  magnetic  field.  The  dots  were  charged 
with  electrons  filling  the  s  and  p  electronic  shells  and 
infrared  (IR)  spectroscopy  was  used  to  study  the  electronic 
excitations  of  the  dots  as  a  function  of  the  number  of 
electrons  and  the  magnetic  field. 

SECS  measures  the  chemical  potential  fx(N)  of  the 
dot  [13, 14].  The  chemical  potential  (i(N)  =  GSE(N)  — 
GSE(N  —  1)  is  the  difference  in  the  ground-state  energy 
(GSE)  of  the  dot  due  to  the  addition  of  a  single  electron. 
In  figure  3(a)  we  show  the  calculated  SECS  spectra 
corresponding  to  charging  of  the  p  shell  of  SAD  with 
increasing  magnetic  field. 

For  N  <  4  electrons  the  large  quantization  of  kinetic 
energy  prevents  ‘magic  state’  transitions  [13]  and  the 
ground  state  (GS)  is  simply  equivalent  to  the  minimum 
kinetic  energy  configuration.  The  effects  of  electron- 
electron  interactions  and  the  magnetic  field  begin  to  play  a 
role  for  N  =  4  electrons,  i.e.  two  electrons  in  a  partially 
filled  p  shell.  For  low  magnetic  fields  the  two  ‘core 
electrons’  of  the  s  shell  are  frozen  in  a  spin  singlet  state 
while  the  two  electrons  on  the  p  shell  occupy  degenerate 
FD  orbitals  |01)  and  j  10).  The  GS  is  a  spin  triplet,  zero 
total  angular  momentum  state  R  =  0,  S  =  1.  The  triplet 
state  lowers  its  energy  by  an  exchange-interaction  term 
(01;  10|Vee|01;  10)  while  the  spin  singlet  state  R  =  0, 
S  =  0  always  increases  its  energy  by  the  same  amount. 
With  increasing  magnetic  field  the  triplet  state  R  =  0, 
S  =  1  begins  to  compete  with  a  finite  angular  momentum 
spin  singlet  state  R  =  2,  S  =  0.  In  the  R  =  2  state 
both  p  electrons  occupy  the  lower  energy  orbital  1 10) .  At 
B  ^  2.8  T  the  gain  in  exchange  energy  of  the  triplet 
configuration  R  =  0,  S  —  1  is  overtaken  by  an  increase 
of  kinetic  energy  and  the  system  makes  a  transition  into 
a  spin-singlet  lower  kinetic  energy  configuration.  The 
transition  is  marked  in  figure  3  with  an  arrow.  Contrary 
to  the  expectation  for  noninteracting  electrons,  the  addition 
energy  for  a  triplet  increases  with  increasing  magnetic  field 
up  to  B  =  2.8  T.  For  N  =  5,6  the  changes  of  slope 
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Figure  3.  (a)  SECS  spectra  of  a  p  shell  of  a  SAD.  (b)  FIR 
spectra  of  a  SAD  with  N  =  4  electrons.  The  inset  shows 
single-particle  configurations  before  and  after  transition  and 
arrows  indicate  excitations. 

at  higher  magnetic  fields  are  due  to  the  crossing  of  FD 
levels  |0,  1)  and  |2,0).  The  splitting  of  SECS  spectra 
of  p  states  by  the  magnetic  field  has  been  observed  in 
[5]  but  the  consequences  of  electron-electron  interactions 
discussed  here  had  not  yet  been  observed. 

The  excited  states  of  SAD  also  reflect  the  electronic 
structure  and  the  number  of  electrons  in  the  dot.  For 
a  parabolic  confinement  only  the  CM  excitations  with 
frequencies  and  !/2._  (generalized  Kohn’s  theorem) 
[15,18]  can  be  measured  in  the  FIR.  In  SAD,  a  finite 
number  of  confined  FD  levels  leads  to  additional  transitions 
in  the  IR  spectrum  related  to  the  magnetic-field-induccd 
changes  in  the  GS. 

The  FIR  absorption  for  N  electrons  can  be  conveniently 
expressed  in  terms  of  the  FD  ladder  operators  a  and  b 
[12, 17]: 

N 

A(&>)  oc  y  \  | (/|  )  ](aj  +  aj  +  bj  +  b^)\i )\28(Ef  —  Ej  —  co) 
f  J= i 

(4) 

where  |i)  is  the  initial  (ground)  state  and  the  summation  is 
over  all  bound  final  states  |/).  IR  radiation  connects  only 
the  states  with  the  same  S‘zot  and  total  angular  momenta 
different  by  ±1.  We  have  shown  in  figure  3(b)  the 
magnetic  field  evolutions  of  the  IR  spectra  calculated  for 
the  SAD  with  N  =  4  electrons.  The  area  of  each  circle  is 
proportional  to  the  intensity  A(a>).  The  solid  lines  show 
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the  transition  energies  of  the  noninteracting  system 
and  a  vertical  line  marks  the  transition  in  the  GS.  The  GS 
single-particle  configurations  before  and  after  the  transition 
at  B  —  2.8  T,  together  with  low-energy  and  high- 

energy  (~£2+)  excitations,  are  indicated  in  the  inset.  The 
FIR  spectrum  reflects  the  transition  in  the  GS  of  the  dot  in 
terms  of  an  additional  transition.  In  experiment,  the  energy 
£2+  ~  coc  will  probably  be  visible  due  to  excitations  to 
scattered  states  in  Landau  levels  in  the  WL. 

5.  Many  excitons  in  highly  excited  quantum  dots 

We  now  turn  to  the  effects  of  exciton-exciton  interaction  on 
optical  properties  of  a  highly  excited  SAD  [7].  This  SAD 
has  15  bound  states  (shells  s-g)  and  can  be  filled  with  up 
to  30  electrons  and  holes. 

The  calculations  for  up  to  N  =  6  electron-hole  pairs 
were  carried  out  exactly  and  a  combination  of  numerical 
diagonalization  in  a  partially  filled  shell  and  the  Hartree- 
Fock  approximation  extended  calculations  up  to  N  =  20 
excitons.  Due  to  the  large  confinement,  the  lowest  kinetic 
energy  configurations  are  an  excellent  approximation  in  the 
case  of  filled  shells.  When  electrons  and  holes  partially  fill 
up  a  degenerate  shell,  the  states  and  energies  are  completely 
determined  by  their  mutual  interactions  and  exact  numerical 
calculations  are  necessary. 

In  figure  4  we  show  an  example  of  the  effect 
of  population  of  electrons  and  holes  on  the  absorption 
(addition)  spectrum.  The  dotted  line  follows  the  chemical 
potential  (addition  spectrum)  of  excitons.  The  single- 
exciton  spectrum  consists  of  peaks  shifted  from  transitions 
in  the  noninteracting  system  by  electron-hole  interactions. 
The  two-exciton  spectrum  is  richer  and  shows  the  bi-exciton 
binding  of  5  meV. 

When  excitons  are  added  into  the  p  shell,  the  energy 
to  add  excitons  is  almost  constant.  The  same  is  true 
for  d  and  f  shells  as  indicated  by  the  chemical  potential. 
The  actual  positions  of  the  p,  d,  f  shells  are,  however, 
shifted  from  corresponding  peaks  in  the  noninteracting  and 
single-exciton  spectrum.  The  shift  is  equivalent  to  bandgap 
renormalization  in  quantum  dots.  The  remarkable  steps 
in  the  addition  spectrum  of  excitons  indicate  that  excitons 
form  a  weakly  interacting  gas  of  bi-excitons  and  excitons. 

For  most  quantum  dots  where  electrons  and  holes  are 
confined  in  the  same  physical  area,  the  electron  and  hole 
interactions  are  very  symmetrical.  For  example,  in  the 
sample  calculated  here  vee/veh  =  veh/vhh  =  1.04.  For 
almost  symmetrical  interactions,  when  the  Hamiltonian  is 
restricted  to  a  single  degenerate  shell  t,  the  commutator 
of  the  Hamiltonian  and  the  interband  polarization  operator 
P+  =  cit^u  can  be  approximated  as  [Ht,  P+]  « 
E'XP+,  where  E‘x  =  Eet  +  Eht  -  g~l  (jj\veh\kk)  is  an 
approximate  exciton  binding  energy.  The  quantum  number 
j  (— t  <  j  <  t)  denotes  the  angular  momentum  on  a 
given  shell.  This  commutation  relation  is  a  manifestation 
of  hidden  symmetry  [16].  One  can  construct  coherent  N 
exciton  states  (P+)N\v)  as  eigenstates  of  P2.  Due  to  hidden 
symmetry  these  states  are  also  eigenstates  of  the  shell 
Hamiltonian  with  energies  E(Na)  —  NaEx.  The  energy 
of  these  states  is  just  the  sum  of  energies  of  noninteracting 


Figure  4.  Absorption  spectrum  for  SAD  with  different 
number  of  excitons.  The  broken  line  shows  the  chemical 
potential  of  excitons.  Arrows  indicate  transitions  in  the 
noninteracting  system. 

excitons.  The  coherent  states  turn  out  to  be  excellent 
approximations  to  exact  GSs  with  corresponding  overlaps 
of  100%  for  shells  s  and  p,  and  99.8%  and  99.2%  for 
shells  d  and  f.  For  realistic  calculations  including  shell- 
shell  scattering  we  find  that  excitons  form  a  gas  of  weakly 
interacting  bi-excitons  and  excitons  and  the  steps  in  the 
addition  spectrum  survive,  as  shown  in  figure  4. 

6.  Conclusions 

To  summarize,  the  calculated  single-particle  states  of  lens¬ 
shaped  SAD  can  be  well  approximated  by  FD  levels. 
This  simplification  allowed  us  to  carry  out  calculations 
of  many-body  effects  in  SAD  charged  with  electrons 
and  with  excitons.  The  calculated  addition  SECS  and 
FIR  spectra  in  a  magnetic  field  reflect  both  the  single¬ 
particle  energy  levels  and  the  effects  of  electron-electron 
interactions.  The  addition  spectrum  of  excitons  shows 
plateaus  reflecting  (a)  the  shell  structure  of  single-particle 
energy  levels,  ( b )  hidden  many-particle  symmetries  and  (c) 
bandgap  renormalization. 

Acknowledgments 

Discussions  with  S  Fafard,  S  Raymond,  S  Charbonneau, 
P  Poole,  G  C  Aers  and  J  P  Kotthaus  are  gratefully 
acknowledged. 


1519 


P  Hawrytak  and  A  Wojs 


References 

[1]  Petroff  P  M  and  Denbaars  S  P  1994  Superlatt.  Microstruct. 

15  15;  for  a  recent  review  see  Proc.  Int.  Conf.  on 
Modulated  Semiconductor  Structures  (Madrid,  1995) 

[2]  Grundmann  M  et  al  1995  Phys.  Status  Solidi  188  249 

[3]  Marzin  J  Y  and  Bastard  G  1994  Solid  State  Commun.  92 

437 

[4]  Notzel  R  et  al  1995  Appl.  Phys.  Lett.  66  2525 

[5]  Drexel  H  et  al  1 994  Phys.  Rev.  Lett.  73  2252 

[6]  Fafard  S  et  al  1994  Appl.  Phys.  Lett.  65  1388 
Leon  R  et  al  1995  Appl.  Phys.  Lett.  67  521 

[7]  Raymond  S  et  al  to  be  published 
Fafard  S  et  al  1995  Phys.  Rev.  B  52  5752 

[8]  Bockelmann  U  et  al  1996  Phys.  Rev.  Lett.  76  3622 

[9]  Bayer  M  et  al  1995  Phys.  Rev.  Lett.  74  3439 

[10]  Wojs  A,  Hawrylak  P,  Fafard  S  and  Jacak  L  1996  Phys. 

Rev.  B  54  15 

[11]  Wojs  A  and  Hawrylak  P  1995  Phys.  Rev.  B  51  880 

[12]  Hawrylak  P  1993  Solid  State  Commun.  88  475 


[13]  Hawrylak  P  1993  Phys.  Rev.  Lett.  71  3347 

[14]  Ashoori  R  C  et  al  1993  Phys.  Rev.  Lett.  71  613 

[15]  For  recent  reviews  and  references  see  Kastner  M  1993 

Phys.  Today  24 

Chakraborty  T  1992  Comment.  Condens.  Matter  Phys.  16 
35 

[16]  Lemer  I  V  and  Lozovik  Yu  E  1981  Zh.  Eksp.  Teor.  Fiz.  80 

1488  (Engl.  Transl.  1981  Sov.  Phys.-JETP  53  763) 
Paquet  D,  Rice  T  M  and  Ueda  K  1985  Phys.  Rev.  B  32 
5208 

MacDonald  A  H  and  Rezayi  E  H  1990  Phys.  Rev.  B  42 
3224 

Bychkov  Yu  A  and  Rashba  El  1991  Phys.  Rev.  B  44  6212 

[17]  Pfannkuche  D,  Gudmundsson  V,  Hawrylak  P  and 

Gerhards  R  R  1994  Solid-State  Electron.  37  1221 

[18]  Kohn  W  1961  Phys.  Rev.  123  1242 

Brey  L,  Johnson  N  and  Halperin  B  1989  Phys.  Rev.  B  40 
647 

Maksym  P  and  Chakraborty  T  1990  Phys.  Rev.  Lett.  65  108 


1520 


Semicond.  Sci.  Technol.  11  (1996)  1521-1528.  Printed  in  the  UK 


Growth  and  characterization  of 
self-assembled  Ge-rich  islands  on  Si 


G  Abstreiterf,  P  Schittenhelmf,  C  Engelf,  E  Silveiraf, 
A  Zrennerf,  D  Meertenst  and  W  Jagerj: 

f  Walter  Schottky  Institut,  Techn.  Univ.  Munchen,  Am  Coulombwall, 
D-85748  Garching,  Germany 

1  Institut  fur  Festkorperforschung,  Forschungszentrum  Julich  GmbH, 
D-52452  Julich,  Germany 


Abstract.  Ge-rich  islands  have  been  grown  on  Si  (100)  substrates  by  molecular 
beam  epitaxy.  Their  density  and  size  distribution  are  analysed  by  atomic  force 
microscopy  as  a  function  of  growth  temperature,  growth  rate  and  Ge  coverage. 
Overgrown  islands  have  been  studied  by  transmission  electron  microscopy,  Raman 
scattering  and  photoluminescence.  The  first  results  of  photocurrent  spectroscopy 
on  Si/Ge/Si  pin  diodes  show  the  expected  shift  of  the  energy  gap.  Based  on  these 
results,  novel  device  applications  of  Ge-rich  islands  in  Si  are  proposed. 


1.  Introduction 

Self-assembled  semiconductor  islands  which  are  embedded 
coherently  in  a  different  semiconductor  host  material  have 
attracted  considerable  interest  in  recent  years.  Such  islands 
are  achieved  by  epitaxial  growth  of  lattice  mismatched 
systems  which  show  a  Stranski-Krastanov-type  of  growth 
mode  under  certain  conditions.  This  means  that  three- 
dimensional  islands  are  formed  after  deposition  of  typically 
a  few  monolayers  (ML)  on  a  substrate  with  a  different 
lattice  constant  which  leads  to  a  reduction  of  the  strain 
energy.  Their  size  distribution  is  rather  narrow  near 
the  onset  of  island  formation  and  there  is  some  hope 
that  this  approach  may  lead  to  the  achievement  of  a 
homogeneous  ensemble  of  quantum  dots  where  the  discrete 
atomic-like  density  of  states  can  be  used  for  quantum 
device  applications.  The  most  widely  studied  system 
so  far  is  (InGa)As/(AlGa)As  for  which  various  quantum 
effects  have  already  been  demonstrated  [1-6].  Other  III-V 
semiconductor  systems  studied  so  far  involve  InP/InGaP 
[7,8],  AlInAs/GaAlAs  [9]  and  GaSb/GaAs  [10].  In  this 
contribution  we  discuss  recent  results  which  have  been 
achieved  for  self-assembled  Ge-rich  islands  grown  by 
molecular  beam  epitaxy  (MBE)  on  Si  (100)  substrates.  This 
system  was  studied  earlier  with  various  growth  methods  and 
characterization  techniques  in  different  regimes  of  island 
formation  [11-16], 

The  paper  is  organized  as  follows:  the  sample  structures 
and  the  experimental  set-up  are  described  in  section  2. 
Results  of  the  structural  analysis  of  the  islands  are  presented 
in  section  3.  In  section  4  we  show  the  first  results  obtained 
with  pin  diode  structures;  finally  we  discuss  some  concepts 
for  future  device  applications  based  on  such  islands  in 
section  5. 
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2.  Experimental  set-up 

All  samples  were  grown  on  Si  (100)  substrates  by  solid 
source  MBE  in  a  commercial  Riber  Siva  32  system. 
Details  of  substrate  preparation  and  growth  have  been 
reported  elsewhere  [16, 17],  For  analysis  with  atomic 
force  microscopy  (ARM)  the  samples  typically  consist  of 
a  150  nm  Si  buffer  with  4  to  12  ML  Ge  on  top.  Samples 
for  photoluminescence  (PL)  spectroscopy  were  grown  with 
90  nm  Si  cap  layers.  For  photocurrent  (PC)  spectroscopy, 
a  few  periods,  each  consisting  of  a  40  nm  Si  spacer  and 
12  ML  Ge,  were  grown  on  a  15  mf2  cm  boron-doped  Si 
substrate  and  capped  by  a  150  nm  n-dopcd  (1  x  1019  cm-3  P) 
top  contact.  PL  measurements  were  performed  at  4  K, 
using  an  Ar+  laser  for  excitation.  The  signals  were 
analysed  with  a  single-grating  monochromator  together 
with  a  liquid-nitrogen-cooled  Ge  detector  using  a  standard 
lock-in  technique.  For  PC  spectroscopy,  a  tunable  broad¬ 
band  light  source  was  used  for  excitation.  The  photocurrent 
was  measured  using  a  current  amplifier  together  with  the 
lock-in  technique.  AFM  images  were  recorded  in  contact 
mode  with  a  TopoMetrix  AFM  in  ambient  air.  Transmission 
electron  microscopy  (TEM)  was  performed  on  [110]  cross 
sections  of  samples  prepared  by  mechanical  grinding  and 
subsequent  ion  milling. 

3.  Structural  analysis 

In  order  to  get  information  on  the  influence  of  the  growth 
parameters  on  the  formation  and  the  structural  properties  of 
self-organized  Ge  islands  on  Si,  a  series  of  samples  with 
different  Ge  coverages,  different  Ge  concentrations,  and 
varying  growth  temperatures  and  growth  rates  have  been 
prepared.  As  an  example  we  show  two  AFM  images  in 
figure  1.  The  sample  with  a  high  density  of  islands  consists 
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Figure  1.  AFM  images  of  Ge  islands  on  Si.  The  top  part  shows  islands  formed  from  nominally  6  ML  of  Ge  grown  at  670 =C, 
the  lower  part  5  ML  grown  at  740  :C. 


of  nominally  6  ML  of  Ge  grown  at  a  substrate  temperature 
of  670  °C.  Under  such  conditions  the  typical  island  size  is 
about  15  nm  in  height  and  150  nm  in  diameter.  However, 
the  diameter  and  the  height  of  the  islands  is  significantly 
overestimated  by  the  AFM  measurements  as  the  extracted 


values  are  a  convolution  of  the  islands  and  the  tip,  the  radius 
of  which  is  50  nm  and  thus  roughly  that  of  the  islands. 
Furthermore,  oxidation  of  the  islands  in  ambient  air  also 
increases  their  volume.  The  island  density  is  approximately 
1.5  x  109  islands/cm2.  The  size  and  density  of  these  islands 
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are  strongly  influenced  by  the  coverage  and  the  growth 
conditions.  The  lower  part  of  figure  1  shows  an  example 
for  a  nominal  Ge  coverage  of  5  ML  at  a  growth  temperature 
of  740  °C.  The  island  density  is  strongly  reduced  and  the 
sizes  are  larger  due  to  the  higher  growth  temperature.  More 
generally  we  observe  the  following  behaviour:  first  Ge 
islands  are  formed  at  a  coverage  of  about  5  ML  at  growth 
temperatures  above  560  °C.  The  density  increases  strongly 
when  more  Ge  is  deposited  concomitant  with  a  more 
inhomogeneous  size  distribution.  The  average  island  size 
also  increases  with  growth  temperature  or  with  a  reduction 
in  growth  rate.  Some  such  dependences  are  shown  in 
figure  2,  where  the  areal  density  and  the  average  island 
diameter  is  plotted  versus  growth  temperature  and  growth 
rate  for  a  nominal  layer  thickness  of  6  ML  as  determined 
from  AFM  images.  Increasing  growth  temperature  as  well 
as  a  decrease  in  the  Ge  flux  leads  to  an  enhanced  diffusion 
length  of  the  Ge  adatoms  on  the  sample  surface.  As 
the  formation  of  islands  allows  the  system  to  reduce  its 
total  energy  by  elastic  relaxation  of  strain  in  the  islands 
[11],  all  adatoms  will  preferably  be  incorporated  in  existing 
islands.  Therefore,  with  increasing  diffusion  length  of  the 
Ge  adatoms  more  of  them  reach  the  energetically  favourable 
islands,  which  leads  to  a  reduction  of  island  density 
concomitant  with  an  increase  in  their  size.  This  is  clearly 
observed  both  with  increasing  temperature  (figure  2(a))  and 
for  a  reduced  growth  rate,  as  shown  in  figure  2(b),  for  a 
fixed  growth  temperature  of  740  °C.  Simultaneously,  the 
average  diameter  of  the  islands  increases.  These  results 
are  in  good  qualitative  agreement  with  those  obtained  for 
InGaAs  islands  on  GaAs  [18, 19]. 

For  fixed  growth  conditions  the  size  and  density  of 
islands  also  depend  strongly  on  the  Ge  coverage  and/or 
on  the  Ge  content  in  the  surface  layer.  This  is  shown 
for  example  in  figure  3,  where  the  island  height  is  plotted 
versus  layer  thickness  between  6  and  18  ML  of  85%  Ge 
and  for  a  series  of  samples  for  which  the  nominal  layer 
thickness  was  kept  constant  at  12  ML  but  the  Ge  content 
was  varied  between  50%  and  100%.  In  both  cases  the 
island  size  increases  with  the  average  amount  of  Ge  in  the 
film.  The  areal  density  remains  nearly  unchanged  when 
the  Ge  content  is  altered  for  12  ML  thickness  and  fixed 
growth  parameters.  The  island  height,  however,  increases 
continuously  with  increasing  Ge  content,  as  well  as  island 
diameter.  Only  the  lattice  mismatch  and  consequently  the 
strain  is  changed  in  this  series  of  samples.  These  results 
therefore  suggest  that  the  shape  of  the  islands  can  be 
influenced  by  the  strain  in  the  system.  This  has  not  yet 
been  analysed  in  detail,  but  it  has  been  shown,  however, 
that  the  critical  thickness  for  island  formation  increases  with 
reduced  strain.  This  will  be  discussed  in  more  detail  later 
in  connection  with  PL  results. 

In  order  to  be  able  to  study  the  optical  and  electrical 
properties  of  such  islands,  it  is  necessary  to  overgrow  them 
with  Si  cap  layers.  This  is  expected  to  change  the  shape  and 
composition  especially  when  the  overgrowth  is  performed 
at  high  temperatures.  Segregation  and  interdiffusion  may 
play  an  important  role  in  the  final  Si/Ge/Si  island  structures. 
To  get  some  information  on  these  effects  we  performed 
both  TEM  analysis  and  Raman  experiments  on  selected 
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Figure  2.  Areal  density  and  average  diameter  of  Ge 
islands  for  6  ML  coverage,  depending  on  growth 
temperature  (a)  and  Ge  flux  (b). 
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Figure  3.  Height  of  islands  versus  Ge  content  for  a 
coverage  of  12  ML  (squares)  and  versus  coverage  for  a 
nominal  Ge  content  of  85%  (circles). 


samples.  Cross-sectional  TEM  imaging  reveals  that  no 
misfit  dislocations  are  introduced  by  the  overgrowth  of  Ge 
islands  with  Si  for  Ge  thicknesses  of  about  6  ML  and 
growth  temperatures  of  740  °C.  An  example  is  shown  in 
figure  4.  This  is  not  valid  any  more  for  islands  formed 
from  12  ML  Ge,  where  some  defects  or  misfit  dislocations 
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Figure  4.  Selected  examples  of  cross-sectional  TEM  images  of  Ge  islands  in  Si.  The  top  part  shows  an  island  of -a  nominally 
6  ML  tick  Ge  layer  with  lower  magnification.  The  wetting  layer  on  the  left-  and  right-hand  sides  of  the  island  has  a  sharp 
lower  and  a  washed-out  upper  interface.  In  the  lower  image,  part  of  an  island  formed  of  a  12  ML  Ge  layer  is  shown  with 
higher  magnification.  Some  facetting  is  visible  at  the  edge  of  the  island,  also  into  the  substrate.  The  diameter  of  the  island  is 
250  nm. 


have  been  detected  on  top  of  some  islands.  The  actual 
shapes  of  the  embedded  islands  are  changed  in  comparison 
with  the  AFM  results  for  all  thicknesses.  While  the  lateral 
dimensions  are  roughly  comparable,  the  height  seems  to 
be  reduced  by  about  a  factor  of  two  after  overgrowth.  A 
similar  effect  has  already  been  reported  for  InGaAs  islands 
in  GaAs  [20],  which  is  not  yet  fully  understood  but  which 
is  probably  related  to  segregation  and  diffusion.  One  has 
to  keep  in  mind,  however,  that  in  AFM  in  ambient  air  one 
measures  the  convolution  of  the  tip  shape  with  an  oxidized 
free  surface.  That  interdiffusion  with  the  neighbouring 
Si  layers  indeed  plays  an  important  role,  especially  at 
such  high  growth  temperatures,  is  also  evident  from  some 
facetting  of  the  islands  into  the  underlying  Si  as  observed 
in  high-resolution  TEM  (see  figure  4(b)).  Also  the  upper 
interface  of  the  wetting  layer  is  smeared  out  due  to  Ge 
segregation  during  overgrowth. 

The  observation  of  these  effects  raises  the  important 
question  about  the  actual  Ge  content  of  the  embedded 
islands.  We  have  used  Raman  measurements  and  PL  to 
get  some  information  on  their  composition.  For  samples 
grown  at  T  —  740  °C  and  for  nominally  12  ML  Ge  we  are 
able  to  detect  optical  phonon  modes  due  to  both  Si-Ge  and 
Ge-Ge  vibrations,  indicating  that  the  nominally  pure  Ge 
islands  contain  a  considerable  amount  of  Si.  The  Raman 
measurements  average,  however,  over  the  interior  of  the 
islands,  the  interfaces  and  the  wetting  layer  in  between 
the  islands,  and  it  is  thus  difficult  to  extract  quantitative 
information  on  the  actual  composition  of  the  dots.  The 
energetic  positions  and  the  intensity  ratios  are  best  fit  with 


roughly  the  same  number  of  Ge-Ge  and  Si-Ge  bonds  in 
the  sample,  suggesting  an  average  composition  of  about 
50%  in  the  whole  layer.  The  mentioned  averaging  probably 
overestimates  the  Si  content  in  Ge. 

Another  powerful  technique  for  studying  the  properties 
of  overgrown  islands  is  PL.  Figure  5  shows  a  series 
of  PL  spectra  for  samples  grown  at  740  °C  with  an 
increasing  Ge  layer  thickness.  The  pair  of  lines  at  higher 
energies,  labelled  2D  QW,  are  the  no-phonon  (NP)  line 
and  its  TO-phonon  replica  of  the  narrow  Ge-rich  quantum 
well.  The  broader  doublet  observed  at  energies  below 
0.95  eV,  labelled  3D  islands,  is  attributed  to  electron-hole 
recombination  inside  the  Ge-rich  islands  or  at  their  interface 
to  the  surrounding  Si.  The  PL  peak  energies  are  plotted 
versus  nominal  Ge  layer  thickness  in  figure  6.  At  low 
coverages,  the  PL  signals  are  red-shifted  with  increasing 
thickness,  reflecting  the  decreasing  quantum  confinement  in 
the  2D  wetting  layer.  A  further  increase  of  the  Ge  coverage 
leads  to  a  blue-shift  of  the  PL  of  the  2D  quantum  well.  This 
was  attributed  to  an  increasing  quantum  confinement  due 
to  lateral  diffusion  of  Ge  towards  the  dots,  resulting  in  a 
thinning  of  the  underlying  2D  wetting  layer  [16],  The  onset 
of  this  blue-shift  can  be  regarded  as  a  critical  thickness 
for  the  formation  of  islands.  Figure  7  shows  this  critical 
thickness  in  dependence  on  the  Ge  content.  The  expected 
increase  for  lower  Ge  contents,  i.e.  less  lattice  mismatch,  is 
obvious.  The  thickness  of  the  underlying  2D  wetting  layer 
increases,  too.  This  thickness  is  deduced  from  the  constant 
energy  of  the  NP  transition  of  the  wetting  layer  at  large 
coverages.  It  clearly  reflects  the  reduction  of  strain  with 
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Energy  [eV] 

Figure  5.  PL  spectra  of  samples  with  Ge  layers  of  different 
nominal  thickness. 


Layer  Thickness  [ML] 

Figure  6.  PL  energies  for  the  NP  transition  of  2D  quantum 
well  (circles)  and  islands  (squares)  in  dependence  of  Ge 
coverage.  The  broken  curve  represents  the  calculated 
energies  for  a  2D  quantum  well. 


decreasing  Ge  content,  and  is  consistent  with  the  decreasing 
height  of  the  islands  observed  with  AFM. 

A  similar  behaviour  has  been  found  in  the  In- 
GaAs/GaAs  system  [20].  The  broken  calculated  curve  in 
figure  6  is  based  on  theoretical  results  which  take  con¬ 
finement,  strain  and  interdiffusion  into  account  [17].  They 
agree  well  with  the  experimental  results  in  the  region  before 
island  formation  occurs.  As  the  PL  energies  are  determined 
by  thickness,  composition  and  strain  it  is  difficult  to  per¬ 
form  a  similar  quantitative  analysis  for  the  island-related 


Ge-Content 

Figure  7.  Critical  thickness  for  island  formation  (squares) 
and  wetting  layer  thickness  (circles)  in  dependence  of  the 
Ge  content. 

luminescence  because  the  strain  distribution  in  and  around 
the  islands  is  not  known.  The  lateral  dimensions  of  the 
islands  are  more  than  100  nm  and  thus  much  too  large  to 
induce  lateral  confinement.  We  therefore  approximate  the 
islands  by  a  quantum  well  to  get  a  rough  estimate  of  the  Ge 
content  from  the  luminescence  energies.  The  island  heights 
obtained  from  TEM  images  were  taken  as  the  thickness  of 
these  quantum  wells,  and  the  Ge  content  was  varied  to  fit 
our  calculations  [17]  to  the  measured  PL  energies.  If  the 
islands  were  assumed  to  be  still  fully  strained,  an  effective 
Ge  content  of  only  about  40%  to  45%  in  the  islands  fits  the 
measured  values  best.  This  is  much  lower  than  expected 
from  a  one  dimensional  diffusion  model  [21],  which  would 
result  in  about  70%  (6  ML)  to  90%  (12  ML)  Ge  in  the 
islands  for  the  growth  conditions  used.  For  strain  relaxed 
islands,  the  fit  indeed  reveals  a  drastically  higher  Ge  con¬ 
tent.  So  far  it  has  not  been  possible  to  solve  this  problem 
quantitatively  and  therefore  further  work  is  needed  for  a 
microscopic  understanding  of  composition,  size  and  shape 
of  these  islands.  To  achieve  pure  Ge  dots  of  small  sizes, 
however,  it  seems  unavoidable  that  the  growth  temperature 
must  be  lowered  considerably.  This  is  also  evident  from 
figure  8,  which  shows  the  PL  of  dots  grown  at  various  tem¬ 
peratures.  The  PL  exhibits  a  pronounced  shift  to  smaller 
energies  with  decreasing  growth  temperature,  indicating  an 
increased  Ge  content  in  the  islands. 


4.  Si/SeGe  islands/Si  pin  diodes 

First  attempts  have  been  made  to  incorporate  Ge-rich 
islands  into  electrically  active  structures.  A  stack  of  seven 
layers  was  embedded  in  the  intrinsic  zone  of  a  pin  diode 
structure  as  described  above.  Figure  9  shows  the  PC  spectra 
of  this  sample  (upper  curve)  together  with  a  Si  pin  diode 
(lower  curve)  for  comparison.  Both  measurements  were 
performed  in  normal-incidence  geometry  on  mesa  diodes 
at  room  temperature.  The  PC  of  the  pn  junction  containing 
Ge  islands  is  about  one  order  of  magnitude  larger  than  that 
of  the  Si  reference  sample.  Below  the  energy  gap  of  Si, 
between  0.95  eV  and  1.00  eV,  the  difference  is  even  two 
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Figure  8.  PL  spectra  of  islands  formed  in  nominally  12  ML  thick  layers  of  Sio.15Geo.s5  grown  at  different  temperatures. 


Figure  9.  PC  spectra  of  a  pin  diode  with  islands  embedded 
in  the  intrinsic  region  and  of  an  Si  reference  diode. 

orders  of  magnitude.  The  onset  of  absorption  of  the  Ge- 
rich  islands  at  0.825  eV  is  in  excellent  agreement  with  the 
energy  gap  obtained  from  PL  and  EL  data  from  the  same 
sample.  The  onset  of  the  Si  absorption  corresponds  very 
well  to  the  high  doping  level  of  the  Si  layers.  The  rather 
good  performance  of  this  photodetector  structure,  together 
with  a  low  dark  current,  is  regarded  as  the  first  evidence  that 
it  should  be  possible  to  incorporate  even  multiple  layers  of 
Ge  islands  into  device  structures  without  deteriorating  the 
desired  optical  and  electrical  properties. 


Figure  10.  Schematic  band  diagram  of  an 
n+pn+-Si/SiGe/Si  phototransistor  with  and  without 
illumination  with  light.  The  band  offset  in  the  conduction 
band  is  neglected. 

5.  Novel  device  concepts 

Possible  applications  of  Ge-rich  islands  in  Si  are  based 
on  the  reduced  energy  gap,  the  band  offsets  and  the  band 
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Figure  11.  Self-consistent  calculation  of  an  n+p+n+-Si/Ge/Si  resonant  interband  tunnelling  diode.  The  parameters  have 
been  chosen  such  that  the  top  of  the  valence  band  just  reaches  the  Fermi  energy. 


alignment,  parameters  which  can  be  designed  by  varying 
the  Ge  content,  the  island  size  and  the  strain  distribution. 
It  was  shown  more  than  10  years  ago  that  the  difference 
in  energy  gap  between  Si  and  SiGe  or  Ge  leads  to  a 
large  valence  band  offset  and  a  negligible  conduction  band 
offset  for  pseudomorphic  layers  on  Si  substrates  [21-24], 
The  built-in  strain  lifts  the  degeneracies  of  valence  and 
conduction  bands  and  a  different  strain  distribution  also 
sensitively  alters  the  band  offsets  [24],  For  pure  Ge  on 
Si  an  energy  gap  of  only  about  0.5  eV  is  expected  for  Ge 
with  a  valence  band  offset  between  0.7  eV  and  0.8  eV.  This 
results  in  a  staggered  band  line-up  with  a  deep  potential 
well  in  the  valence  band.  The  small  energy  gap  opens  the 
possibility  of  fabricating  infrared-sensitive  photodetectors 
on  Si  as  already  demonstrated  above.  The  large  valence 
band  offset  is  used  in  (npn)  Si/SiGe/Si  heterobipolar 
transistors  which  have  been  developed  recently  for  high- 
frequency  applications  by  various  industrial  laboratories. 
Increasing  the  Ge  content  in  the  base  region  with  the 
ultimate  limit  of  incorporating  pure  Ge  islands  in  Si  leads 
to  further  possible  applications.  As  an  example,  we  show 
in  figure  10  a  schematic  band  diagram  of  a  planar  doped 
(npn)  Si/SiGe/Si  heterostructure  and  the  relevant  emitter- 
collector  current  with  and  without  light  absorption.  The 
accumulated  holes  in  the  Ge-rich  base  region  lower  the 
barrier  for  the  electrons  in  the  conduction  band  which 
leads  to  a  strong  enhancement  and  amplification  of  the 
emitter-collector  current.  Trapping  of  holes,  however,  may 
slow  down  the  switch-off  behaviour.  For  small  enough 
Ge  islands  it  might  also  be  possible  to  apply  spectral 
hole  burning  for  optically  writable  and  perhaps  readable 
information  storage  by  selectively  charging  individual  dots. 
Electron-hole  excitation  in  a  dot  leads  to  trapping  of  the 
hole  while  the  electron  can  move  away  in  an  appropriate 
drift  field.  Such  applications  make  use  of  the  large  valence 
band  offset  and  the  size  distribution  of  the  dots,  but  require 


very  small  dots  such  that  quantization  energies  are  larger 
than  the  inhomogeneous  broadening  of  the  energy  levels. 

Apart  from  optical  applications  it  is  also  possible  to 
use  the  large  valence  band  offset  in  order  to  enhance 
interband  tunnelling  in  highly  doped  pn  junctions.  The 
indirect  bandgap  and  the  heavy  masses  of  electrons  do 
not  make  Si  an  ideal  candidate  for  fabrication  of  Esaki- 
type  tunnelling  diodes.  Ge  islands  embedded  at  the  right 
position  within  the  pn  junction  are  expected  to  enhance  the 
tunnelling  current  considerably  by  sequential  or  resonant 
tunnelling  of  electrons  through  empty  valence  band  states 
in  the  Ge  islands  into  the  p-type  region  of  the  Si  diode.  The 
tunnelling  barrier  is  reduced  drastically  and  the  k-selection 
rules  for  the  tunnelling  processes  may  also  be  relaxed  due 
to  the  rough  interface  between  the  Ge  islands  and  the  Si. 
One  can  even  go  a  step  further  and  try  to  construct  a  novel 
(npn)  Si/Ge/Si  resonant  tunnelling  diode  for  electrons  in 
the  conduction  band  of  Si.  In  such  a  symmetric  tunnelling 
structure  electrons  tunnel  from  a  highly  n-doped  Si  emitter 
through  valence  band  states  of  a  highly  p-doped  Ge  layer 
into  the  conduction  band  of  an  n+-Si  collector.  A  band 
diagram  of  such  a  structure  is  shown  in  figure  11  as 
calculated  self-consistently.  In  this  structure  a  5  nm  thick 
Ge  layer  is  assumed  to  be  embedded  fully  strained  in  Si. 
This  layer,  together  with  very  thin  neighbouring  Si  layers, 
is  p-type  doped  to  a  level  of  1.6  x  1019  cm-3.  The  n+-Si 
emitters  and  collectors  are  doped  to  2  x  1019  cm-3.  With 
such  high  doping  levels  one  achieves  a  tunnelling  barrier 
width  on  each  side  of  the  Ge  layer  of  the  order  of  5  nm  and 
the  top  of  the  valence  band  just  reaches  the  Fermi  level.  In 
this  calculation  only  the  heavy-hole  states  in  Ge  were  taken 
into  account.  With  present  epitaxial  technologies  it  should 
even  be  possible  to  fabricate  such  structures  with  higher 
doping  levels,  although  it  is  not  easy  to  achieve  the  sharp 
interfaces  and  a  narrow  size  distribution  of  the  dots  or  the 
homogeneous,  but  thick  enough,  Ge  layer  required  for  such 
novel  resonant  tunnelling  devices  based  on  Si. 
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6.  Concluding  remarks 

Research  on  self-assembled  Ge-rich  islands  in  Si  is 
governed  at  present  by  optimization  of  growth  conditions 
for  the  achievement  of  well-defined  dots.  However, 
first  device  structures  have  already  been  fabricated  and 
there  exist  very  interesting  prospects  for  future  device 
applications.  Some  of  them,  like  the  resonant  tunnelling 
diodes,  are  difficult  but  challenging  technological  tasks. 
Such  approaches  might  be  a  road  towards  combination 
of  quantum  functional  devices  with  conventional  Si 
technology. 
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Abstract.  Using  electron  beam  lithography  and  wet  chemical  etching  we  have 
developed  single  InGaAs/GaAs  quantum  dots  with  diameters  between  200  nm  and 
40  nm.  The  lithographic  definition  permits  the  dot  shape  as  well  as  the  dot  size  to 
be  controlled.  In  addition  to  circular  dots,  which  allow  the  transition  between  two- 
and  zero-dimensional  systems  to  be  studied,  we  have  fabricated  rectangular  dots 
which  can  be  used  to  study  the  changeover  from  one-  to  zero-dimensional 
structures.  Photoluminescence  spectra  of  the  dots  show  a  lateral 
quantization-induced  increase  of  the  bandgap  energy  as  well  as  emission  of  higher 
dot  states.  The  experimental  results  for  the  lateral  confinement  energies  can  be 
described  well  by  numerical  calculations.  The  average  number  of  electron-hole 
pairs  in  the  dot  can  be  derived  from  different  features  of  the  spectra.  With 
decreasing  dot  diameter  we  observe  a  continuous  reduction  of  the  luminescence 
linewidths  in  our  structures.  This  variation  is  consistent  with  a  decrease  of  elastic 
scattering  processes  by  well  widths  and  compositional  fluctuations  for  reduced  dot 
size. 


I.  Introduction 

Optical  studies  of  quantum  wires  and  quantum  dots 
have  provided  very  interesting  results  regarding  the 
dominant  physical  effects  in  quasi  one-  and  zero¬ 
dimensional  semiconductor  nanostructures  [1-11].  High- 
quality  structures  for  optical  studies  have  become  available 
by  different  technologies.  Generally  one  can  distinguish 
between  epitaxy  [2-4, 7-10]  and  lithography  [  1 , 5, 6, 1 1 , 12] 
based  technologies. 

Epitaxy-based  nanofabrication  technologies  include,  for 
example,  the  growth  of  quantum  wire  and  dot  structures 
on  patterned  substrates  [2, 3],  For  the  fabrication  of 
quantum  dots,  self-organization-based  technologies  have 
been  developed  recently.  Due  to  the  strong  mismatch  of 
the  lattice  constants  of  the  substrate  and  the  quantum  dot 
material  a  three-dimensional  island  growth  can  be  obtained, 
which  results  in  an  in  situ  formation  of  quantum  dots  over 
large  areas  [7, 8, 10].  The  advantages  of  this  technology 
include  the  formation  of  buried  dots  with  high  quantum 
efficiency,  high  throughput  etc.  On  the  other  hand,  the 
capability  of  self-organization  techniques  to  vary  shape  and 
size  is  inherently  limited. 

Lithography-based  technologies  provide  quantum  wires 
and  dots  predominantly  by  the  combination  of  high- 
resolution  electron  beam  lithography  and  etching  [1,5,6, 

II, 12],  Here  the  lateral  quantization  arises  from  the 
confinement  of  the  carriers  due  to  the  electron  affinity  at 
the  etched  surfaces.  Due  to  non-radiative  recombination 
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processes  at  the  sidewalls  of  the  structures  this  method 
is  limited  to  systems  with  small  surface  recombination 
velocities.  In  addition  process-induced  damage,  for 
example  by  dry  etching  processes,  is  known  to  degrade 
the  quantum  efficiency  of  the  nanostructures.  Most  results 
on  etched  wires  and  dots  have  been  obtained  up  to 
now  on  InGaAs/GaAs  and  InGaAs/InP  structures.  As 
the  throughput  of  electron  beam  lithography  is  small, 
low-dimensional  patterns  can  only  be  fabricated  in  small 
sections  of  the  samples. 

On  the  other  hand,  lithography-based  technologies  have 
several  advantages.  These  technologies  permit  one  to 
control  the  size  and  the  separation  of  the  nanostructures  in 
a  very  flexible  way,  i.e.  by  changing  the  CAD  file  which 
controls  the  electron  beam  exposure.  This  is  particularly 
important  if  the  quantum  dots  or  wires  are  to  be  integrated 
in  devices.  For  example,  gain  coupling  in  quantum  wire  or 
quantum  dot  arrays  is  expected  to  result  in  low-threshold 
single-mode  lasers,  but  requires  that  the  nanostructures 
are  fabricated  in  grids  with  a  periodicity  given  by  the 
Bragg  wavelengths  [14, 15].  In  addition,  the  shape  of  the 
nanostructures  can  be  controlled  by  the  combined  influence 
of  the  shape  and  orientation  of  the  etch  mask  and  the  spatial 
characteristics  of  the  etchant.  This  permits,  for  example, 
the  realization  of  nanostructures  with  specifically  tailored 
boundary  conditions  which  are  of  interest  for  basic  physics 
studies. 

Previous  studies  of  lateral  quantization  effects  have 
been  carried  out  on  ensembles  of  quantum  wires  or 
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dots.  Due  to  size  fluctuations  of  a  few  nanometres  the 
optical  spectra  are  generally  strongly  inhomogeneously 
broadened.  For  a  wide  variety  of  epitaxy-  and  lithography- 
based  fabrication  technologies,  the  increase  of  the  emission 
linewidths  due  to  inhomogeneous  broadening  is  generally 
only  smaller  by  a  factor  of  about  two  than  the  lateral 
quantization  energies.  This  broadening  often  prevents 
observation  of  clear  lateral  sublevel  transitions  and 
complicates  a  direct  comparison  with  experiments.  During 
the  last  few  years  single  quantum  dots  have  received 
increasing  attention.  Because  the  emission  is  due  to  a 
single  nanostructure  inhomogeneous  broadening  effects  are 
avoided.  Up  to  now  these  studies  have  been  carried  out 
primarily  by  spatially  resolved  spectroscopy  on  samples 
obtained  by  self-organization  or  on  thin  quantum  wells  with 
interface  fluctuations  [6,9, 10]. 

In  the  present  paper  we  discuss  the  properties  of  free¬ 
standing  InGaAs/GaAs  single  quantum  dots  with  diameters 
between  200  nm  and  40  nm  which  have  been  fabricated  by 
high-resolution  electron  beam  lithography  and  wet  chemical 
etching.  The  paper  is  organized  as  follows.  Section  2 
discusses  the  technology  and  the  experimental  set-up  used 
for  the  characterization.  In  section  3  experimental  results 
regarding  lateral  quantization  effects  and  the  occupation 
of  the  dots  by  a  limited  number  of  electron-hole  pairs 
are  discussed.  The  final  section  illustrates  the  potential 
of  the  single  dots  as  local  probes  for  the  characterization 
of  quantum  well  structures  by  focusing  on  the  excitation 
intensity  dependence  of  the  luminescence. 


2.  Technology  and  experimental  set-up 

We  have  developed  InGaAs/GaAs  single  quantum  dots  by 
using  low-voltage  electron  beam  lithography  in  PMMA 
[12,13].  In  this  exposure  mode,  the  energy  of  the 
electrons  is  chosen  with  respect  to  the  resist  thickness 
(here  100  nm)  in  order  to  obtain  a  complete  exposure 
of  the  resist  layer  and  simultaneously  to  prevent  the 
electrons  from  penetrating  into  the  semiconductor  substrate. 
Because  the  majority  of  the  electrons  do  not  reach  the 
semiconductor  material,  backscattering  from  the  substrate 
can  be  suppressed  efficiently.  Therefore  low- voltage 
exposures  are  virtually  free  of  proximity  effects.  This 
allows  the  exposure  of  strongly  varying  patterns  (for 
example  quantum  wire  arrays  and  single  dots)  with  constant 
exposure  doses. 

In  low-voltage  exposures  the  kinetic  energy  of  the 
electrons  is  transferred  entirely  to  the  resist.  For  high- 
energy  exposures,  in  contrast,  most  of  the  electron  energy  is 
transferred  to  the  semiconductor  substrate,  and  only  a  small 
percentage  is  used  to  expose  the  resist.  Thus  the  sensitivity 
of  the  resist  at  2  keV  for  example  is  larger  by  a  factor  of 
10  than  for  exposures  at  50  keV  [13]. 

We  have  used  an  exposure  energy  of  2.3  keV  to 
define  etch  masks  for  single  quantum  dots  in  a  100  nm 
thick  PMMA  layer.  Al  etch  masks  were  obtained  by  a 
subsequent  lift-off  process.  The  dot  masks  were  etched  into 
the  InGaAs/GaAs  layers  by  using  CH3OH  :  H3PO4  :  H202 
(10:1:1,  etch  rate  180  nm  min-1  at  18  °C).  After  the  etching 
the  Al  masks  were  removed  in  an  NaOH  solution.  Details 


Figure  1.  SEM  micrographs  of  single  InGaAs/GaAs 
quantum  dots  prepared  by  low-voltage  electron  beam 
lithography  and  wet  etching,  (a)  Side  view  of  a  circular 
quantum  dot.  The  dot  diameter  at  the  position  of  the 
InGaAs  layer  is  40  nm.  ( b )  Side  view  of  an  etched 
InGaAs/GaAs  ring  structure.  The  bright  ring  structure  is  the 
Al  etch  mask,  (c)  Top  view  through  the  etch  mask  of  a 
rectangular  single  dot  with  a  width  of  45  nm  and  a  length  of 
83  nm. 


of  the  fabrication  process  have  been  reported  elsewhere 
[12,13], 
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Figure  1  illustrates  the  potential  of  low-voltage  electron 
beam  lithography  and  wet  chemical  etching  to  realize  a 
wide  variety  of  different  quantum  dot  shapes.  Figure  1(a) 
shows  a  cone-shaped  InGaAs/GaAs  dot  with  circular  cross 
section.  At  the  position  of  the  InGaAs  layer  the  dot 
diameter  is  about  40  nm.  Figure  1(b)  shows  the  side  view 
of  a  quantum  ring  structure  with  an  outer  diameter  of  about 
150  nm.  On  top  of  the  semiconductor  material  the  A1  etch 
mask  is  seen.  As  shown  by  figure  1(c),  by  using  a  suitable 
mask  shape  and  orientation  a  rectangular  semiconductor 
quantum  dot  may  be  obtained. 

For  the  optical  investigation,  the  spacing  between 
adjacent  single  dots  was  chosen  in  the  range  20  /xm  to 
50  fxm.  This  permitted  the  investigation  of  individual 
quantum  dots  in  a  standard  pumped  He  cryostat.  An 
Ar+  laser  with  excitation  power  densities  in  the  range 
0.1  W  cm-2  to  10  W  cm-2  was  used  as  the  excitation 
source.  The  emission  of  the  single  dots  was  dispersed  by  a 
0.3  m  monochromator  and  detected  by  a  liquid-nitrogen- 
cooled  CCD.  The  dot  spectra  were  integrated  for  times 
ranging  from  several  seconds  to  about  1  min. 

3.  Size  dependence  of  optical  transitions  in 
free-standing  single  dots 

We  have  investigated  the  luminescence  of  single  InGaAs 
quantum  dots  as  a  function  of  the  dot  diameter  and  the 
excitation  power  density.  Figure  2  shows  luminescence 
spectra  of  single  quantum  dots  with  diameters  between 
100  nm  and  43  nm  for  an  excitation  power  density  of  about 
1  W  cm-2.  As  will  be  discussed  below,  in  this  excitation 
power  range  the  dots  are  occupied  by  two  to  three  electron- 
hole  pairs  at  any  time.  With  decreasing  dot  diameter  the 
luminescence  lines  shift  to  higher  energies,  indicating  the 
influence  of  the  lateral  confinement.  In  addition  to  the  main 
peak,  the  spectra  of  dots  with  diameters  down  to  49  nm 
show  a  shoulder  at  high  energy  which  shifts  strongly  to 
higher  energy  as  the  diameter  is  decreased. 

The  change  of  the  transition  energies  of  the  lowest 
(circles)  and  the  first  excited  state  (triangles)  of  the  dots 
due  to  lateral  quantization  is  plotted  in  figure  3  versus 
the  dot  diameter.  When  the  dot  diameter  is  reduced  from 
100  nm  to  about  40  nm  the  lateral  confinement  results 
in  an  increase  of  the  dot  ground  state  energy  and  of  the 
energy  of  the  first  excited  state  by  about  6  meV  and 
9  meV  respectively.  The  full  and  broken  curves  represent 
calculations  for  the  ground  and  first  excited  state  transition 
energies  respectively.  Due  to  the  disc-like  shape  of  the 
dots  the  eigenstates  are  characterized  by  a  radial  quantum 
number  nr  and  an  orbital  angular  momentum  quantum 
number  m  in  addition  to  the  quantum  well  subband  index 
nz.  By  using  Bessel  functions  the  Schrodinger  equation 
in  the  quantum  well  plane  is  solved.  The  ground  state 
transition  is  characterized  by  the  quantum  numbers  nr  =  0 
and  m  —  0.  This  implies  that,  including  the  spin,  this  state 
can  be  occupied  by  up  to  two  electron-hole  pairs.  The 
first  excited  state  is  characterized  by  nr  =  0  and  m  =  ±  1 . 
According  to  the  Pauli  principle  up  to  four  electron-hole 
pairs  may  occupy  this  level. 


Figure  2.  Luminescence  spectra  of  single  dots  with 
different  diameters  for  laser  excitation  intensities  which 
result  in  the  simultaneous  occupation  of  the  dots  by  two  to 
three  electron-hole  pairs. 

The  small  number  of  carrier  pairs  which  can  be 
accommodated  in  the  ground  state  and  in  the  first  excited 
state  allows  the  number  of  electron-hole  pairs  which 
occupy  the  dot,  on  the  average,  to  be  determined  in  a 
simple  manner.  At  very  low  excitation  levels  the  dot  will 
be  unoccupied  most  of  the  time.  For  the  remaining  time 
the  dot  is  occupied  by  a  single  exciton.  As  shown  by 
the  spectrum  at  the  bottom  of  figure  4  for  the  case  of  a 
60  nm  dot,  the  corresponding  emission  line  is  quite  narrow 
(FWHM  0.75  meV).  If  the  excitation  power  is  increased 
(centre  trace  in  figure  4)  a  pronounced  shoulder  occurs 
at  low  energy  of  the  single  exciton  luminescence  line  as 
well  as  a  weaker  feature  on  the  high-energy  side.  When 
the  excitation  power  is  increased  further,  the  sharp  single 
exciton  line  vanishes  completely  and  the  emission  band  is 
dominated  by  the  features  at  lower  and  higher  energy. 

Due  to  the  energetic  position  below  the  single 
exciton  transition  we  assign  the  low-energy  line  to  the 
recombination  of  an  electron-hole  pair  from  a  completely 
filled  dot  groundstate.  The  two  excitons  in  the  groundstate 
form  a  biexciton.  Due  to  the  attractive  interaction  between 
the  excitons  the  emission  occurs  at  lower  energy  than  the 
single  exciton  transition.  Further  electron-hole  pairs  have 
to  occupy  the  first  excited  dot  state  and  therefore  give  rise 
to  the  emission  at  higher  energy. 

Figure  5  shows  the  emission  intensity  of  excitons, 
biexcitons  and  of  electron-hole  pairs  in  the  first  excited 
state  versus  the  exciting  laser  power.  There  are  pronounced 
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Figure  3.  Dot  diameter  dependence  of  the  energy  of  the 
ground  state  and  the  first  excited  state  transitions  in 
InGaAs/GaAs  single  dots:  symbols,  experimental  data; 
curves,  Model  calculation. 


Figure  4.  Emission  spectra  of  a  60  nm  diameter  single 
quantum  dot  for  different  excitation  powers  [16]. 

differences  between  the  excitation  intensity  dependences 
of  the  different  contributions  to  the  emission.  For 
low  excitation  power  the  emission  intensity  due  to 
recombination  of  single  excitons  (bottom  part  of  figure  5) 
in  the  dot  increases  with  laser  power.  Most  remarkably, 
however,  a  further  increase  of  the  excitation  power  results 
in  a  decrease  of  the  emission  intensity.  For  excitation 
powers  on  the  order  of  10  /iW  the  emission  line  due  to 
recombination  of  single  excitons  vanishes. 

The  emission  intensity  of  the  biexcitons  (centre  part 


Figure  5.  Photoluminescence  intensity  dependence  on  the 
excitation  power  for  the  recombination  of  single  excitons 
(bottom),  biexciton  emission  (centre)  and  for  the  emission 
from  the  first  excited  state  (top)  in  an  InGaAs/GaAs 
quantum  dot  of  diameter  60  nm. 

of  figure  5)  shows  a  nonlinear  increase  which  extends 
to  excitation  power  levels  for  which  the  single  exciton 
line  is  seen  to  decrease  in  intensity.  At  the  highest 
laser  powers  investigated  the  biexciton  emission  intensity 
saturates.  The  saturation  implies  that  the  ground  state  of 
the  dot  is  occupied  at  all  times  by  two  electron-hole  pairs, 
i.e.  a  recombining  exciton  is  instantaneously  replaced  by 
a  new  carrier  pair  generated  by  the  laser  excitation.  The 
emission  intensity  of  the  single  exciton  line  vanishes  in 
the  same  excitation  range,  because  the  probability  of  the 
dot  being  occupied  by  a  single  electron-hole  pair  goes  to 
zero.  We  can  use  the  saturation  of  the  emission  intensity 
of  the  dot  ground  state  to  determine  the  exciton  density. 
For  the  60  nm  dot  investigated  here,  a  completely  filled 
ground  state  corresponds  to  a  time  averaged  exciton  density 
of  7  x  1010  cm-2  (top  trace  in  figure  4).  Carrier  pair 
densities  in  dots  with  partially  filled  states  may  be  estimated 
by  using  this  value  as  a  normalization  factor  for  the  relative 
intensities. 

The  emission  intensity  of  electron-hole  pairs  in  the 
first  excited  state  (top  part  of  figure  5)  increases  at 
higher  excitation  power  levels  than  the  biexciton  emission. 
There  is  no  indication  of  a  saturation  in  the  power  range 
investigated. 

We  have  investigated  the  halfwidth  of  the  luminescence 
spectra  of  free-standing  single  quantum  dots  of  different 
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diameters  at  low  excitation  (one  electron  per  dot  or  less 
at  any  time)  as  well  as  at  high  excitation  (about  three 
electrons  per  dot  at  any  time)  [16].  There  are  characteristic 
differences  regarding  the  diameter  dependence  in  both 
cases.  At  low  excitation  intensity  the  luminescence 
linewidths  decreases  continuously  when  the  dot  diameter 
is  reduced.  At  high  excitation  we  observe  an  increase  of 
the  linewidths  with  decreasing  dot  diameter. 

By  using  model  calculations  we  relate  both  trends  to 
elastic  scattering  processes  in  the  dots.  In  the  case  of 
low  excitation,  the  scattering  is  most  likely  associated  with 
well  width  fluctuations,  i.e.  to  fluctuations  in  the  two- 
dimensional  system.  Qualitatively,  the  magnitude  of  the 
fluctuations  in  a  dot  decreases  as  the  dot  size  is  reduced, 
resulting  in  a  decreasing  contribution  of  the  fluctuations  to 
the  linewidths.  The  increase  of  the  luminescence  linewidths 
with  decreasing  dot  diameter  observed  at  high  excitation, 
in  contrast,  is  most  likely  a  consequence  of  the  increase 
of  Coulomb  interaction  in  confined  geometries.  Here  a 
scattering  potential  is  formed  by  differences  in  the  charge 
distributions  of  electrons  and  holes  due  to  the  different 
penetration  of  the  wavefunctions  in  the  GaAs  barrier  layers. 
We  have  calculated  the  probability  of  a  scattering  process 
between  the  degenerate  m  =  +1  and  the  m  =  —  1  states 
of  the  electron  and  the  hole  in  a  potential  formed  by  two 
electron-hole  pairs  in  the  dot  ground  state  ( m  =  0)  as 
a  function  of  the  dot  size.  The  scattering  probability, 
and  therefore  the  respective  contribution  to  the  linewidths, 
increases  with  decreasing  dot  size,  in  qualitative  agreement 
with  the  experiment.  The  magnitude  of  the  increase  of 
the  linewidths  is  also  consistent  with  the  experimental  data 
[16]. 

There  may  be  additional  contributions  to  the  lumines¬ 
cence  linewidths  in  the  dots.  For  example,  by  using  sin¬ 
gle  dots  we  have  reduced  the  influence  of  spatial  inho¬ 
mogeneities  in  the  spectra.  Because  we  integrate  over  a 
large  number  of  recombination  processes  (typically  104), 
however,  temporal  inhomogeneities  such  as  fluctuations  of 
surface  charges  in  the  vicinity  of  the  dots  may  contribute 
to  the  luminescence  linewidths,  particularly  in  the  case  of 
high  excitation. 

4.  Conclusion 

We  have  investigated  the  luminescence  of  free-standing 
InGaAs/GaAs  single  quantum  dots  with  diameters  between 
40  nm  and  100  nm.  Due  to  lateral  quantization  in  the 
etched  structures  the  luminescence  of  the  dots  exhibits 
a  clear  shift  to  higher  energy  with  decreasing  dot  size. 
In  addition  to  the  groundstate  transition,  we  observe  for 
high  excitation  powers  transitions  between  the  first  excited 
states  of  the  dots.  The  excitation  intensity  dependence 
of  the  emission  spectra  is  used  to  obtain  information  on 
the  number  of  electron-hole  pairs  occupying  the  dot.  We 
observe  characteristic  spectra  for  the  recombination  of 
single  excitons,  biexcitons,  and  for  the  recombination  of 
electron-hole  pairs  in  the  first  excited  state. 

In  addition  to  the  investigation  of  lateral  quantization 
effects  single  quantum  dots  may  be  regarded  as 


spatially  resolving  probes  of  the  electronic  properties  of 
semiconductors.  A  quantum  dot  is  well  defined  in  all  three 
dimensions.  For  the  present  case  such  a  dot  corresponds 
to  an  InGaAs  disc  with  a  thickness  of  5  nm  and  a 
diameter  which  is  varied  down  to  40  nm.  Because 
the  electron  and  hole  wavefunctions  extend  through  the 
whole  dot,  the  excitonic  recombination  may  be  used  to 
obtain  information  on  compositional  fluctuations,  carrier 
interactions  etc.  Due  to  the  high  positional  precision, 
single  quantum  dots  may  also  be  used  as  local  detectors 
in  ambipolar  transport  experiments.  In  addition  to  a  large 
variety  of  experiments  in  which  the  single  dots  are  used  as 
local  probes,  these  structures  have  particular  advantages, 
because  their  properties  may  be  modelled  exactly  by 
numerical  calculations  based  on  the  measured  geometries 
of  the  individual  structures.  Therefore  we  are  convinced 
that  optical  studies  of  single  quantum  dots  will  become 
powerful  tools  for  the  study  of  a  wide  variety  of  electronic 
properties  of  semiconductors. 
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Abstract.  The  growth  of  quantum  structures  with  strong  in-plane  1 D  potential 
modulation  (amplitude  Vpp  >  Ef,  the  Fermi  energy  of  an  electron  gas  in  a 
selectively  doped  heterojunction)  at  short  scale  (periodicity  L  <  XF,  its  Fermi 
wavelength)  relies  on  the  understanding  of  both  the  epitaxy  and  the  electronic 
properties.  Some  issues  such  as  the  morphology  of  the  step  array,  the  organization 
of  the  Ga  and  Al  atoms  on  the  surface,  and  the  effect  of  the  electron  gas  screening 
or  of  the  tilt  of  the  lateral  modulation  on  the  effective  potential,  are  discussed. 


1.  Introduction 

Progress  in  the  fabrication  of  low-dimensional  ( D  <  2) 
quantum  structures  using  a  single  technological  step  such 
as  organized  epitaxy  requires  a  good  feedback  between  the 
study  of  their  electronic  properties  and  the  optimization 
of  their  growth.  This  interdisciplinary  coupling  can  be 
exemplified  by  the  lateral  structures  made  in  the  nearly 
lattice  matched  GaAs/AlAs  material  system  on  GaAs 
vicinal  surfaces.  There  has  been  much  work  since  Petroff  s 
seminal  idea  [1]  to  get  to  the  lateral  structures  which 
are  discussed  here  and  which  exhibit  new  properties  (in 
optics  or  transport),  through  the  pioneering  demonstrations 
of  fractional  lateral  superlattices  (FLSs)  obtained  by 
MOCVD  [2]  or  MBE  [3]. 

2.  Surface  morphology 

The  lateral  ordering  of  group  III  atoms  (here  Ga  and  Al) 
on  an  array  of  monomolecular  steps  (here  group  III  atom 
terminated  steps,  so-called  A  steps,  with  a  ledge  oriented 
along  [110])  should  be  bound  to  fail  completely  considering 
all  the  detrimental  effects  summarized  in  figure  1. 

In  fact,  step  pinning  by  impurities  and  island  nucleation 
on  the  terraces  can  be  strongly  reduced  using  an  optimized 
growth  procedure  and  substrate  preparation  [4].  The  terrace 
distribution  has  been  analysed  by  AFM  (atomic  force 
microscopy)  in  a  dry  box  after  the  growth  of  a  GaAs 
buffer  on  surfaces  misoriented  by  an  angle  oe  ranging  from 
~  0.5°  to  ~  2°  (kinks  are  not  resolved,  the  lateral  resolution 
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being  ~  4  nm)  [5].  In  our  best  growth  conditions,  this 
distribution  is  a  Gaussian  centred  around  the  nominal  value 
with  a  standard  deviation  AL  (equal  respectively  to  5.9, 
4.1,  2.4  nm  for  L  =  27.4,  17.0,  8.4,  with  L  =  az/tana  and 
az  =  2.83  A).  This  result  could  be  very  well  explained  in 
the  same  way  as  in  Si  [6]  by  a  thermodynamical  equilibrium 
model,  taking  into  account  1/L2  interactions  between  steps 
(originating  from  entropy  and  energy  terms).  But  it  is 
clear  that  in  GaAs  the  kinetics  should  play  a  major  role 
in  the  building  up  of  the  periodicity  because  of  the  much 
lower  temperature  (~  600  °C  here  versus  ~  900  °C  in  Si) 
and  of  the  much  shorter  time  scale  (0.5-1  ML/s  (ML  = 
monolayer)  using  MBE  growth  here  versus  ~  10  h  for  Si 
thermal  annealing)  used  for  the  surface  preparation. 

3.  Lateral  atomic  organization 

Figure  2(a)  depicts  an  ideal  FLS.  During  the  growth,  Al 
adatoms  migrating  on  the  terraces  can  be  very  efficiently 
exchanged  with  Ga  atoms  underneath  [7],  As  a  result,  an 
AlGaAs  alloy  is  obtained  with  a  lateral  modulation  of  its 
composition  a'Ai  (in  the  transverse  direction  y  only,  if  the 
disorder  along  the  step  direction  is  neglected): 

xA\(y)  =  -r[l  +  ^at(T)  cos(2jt  y/L)  +  •  •  •] 

x  being  the  mean  Al  content  of  the  FLS.  The  parameter 
Aat,  which  is  called  the  atomic  ordering  parameter,  depends 
on  Jr  but  not  significantly  on  L  in  the  investigated  range. 
Because  L  is  small  (L  <  35  nm),  very  few  lateral 
minibands  will  be  filled  for  normal  charge  densities:  the 
electronic  properties  on  the  Fermi  surface  are  determined 
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Figure  1.  The  different  phenomena  occurring  on  a  vicinal  surface,  which  are  detrimental  to  a  perfect  lateral  atomic  ordering. 
Only  those  indicated  in  italics  can  be  avoided  (step  bunching)  or  reduced  (step  pinning,  island  nucleation). 


a)  P  =1  [001] 


Figure  2.  Sketch  of  an  FLS  (with  perfect  lateral  atomic 
ordering)  for  a  coverage  ratio  p  =  1  (a)  or  larger  than  1  (b). 
The  drawing  is  not  to  scale:  the  tilt  angle  /3  is  usually  much 
larger  than  the  misorientation  angle  a. 


by  the  first  Fourier  component  of  the  modulation.  In 
the  case  of  a  perfect  lateral  organization,  we  would  get 
Aat(x)  =  2  sin (7Tx)/nx  ~  2  when  x  <  1.  In  fact  only  a 
fraction  of  the  A1  atoms  are  organized,  resulting  in  an  alloy 
lateral  composition  modulation  of  amplitude  Jtm0d,  which 
gives  Aat(F)  =  cxmoi/2x  (c  =  1  for  a  sine  modulation  or 
4/n  for  a  square  modulation).  A  summary  of  the  available 
data  on  the  variations  of  Aat  with  x  is  displayed  figure  3. 
As  shown,  they  cannot  be  explained  by  a  complete  lack 
of  A1  atom  lateral  migration,  which  could  be  the  result 
of  an  instantaneous  atomic  exchange,  as  proposed  in  [8]. 
Another  consequence  of  the  Ga/Al  exchange  is  that  the 
lateral  atomic  organization  does  not  reach  its  steady-state 
value  Aa,(F)  right  at  the  beginning  of  the  FLS  growth  (then 
it  does  not  even  have  the  step  periodicity  [9]),  but  only 
after  some  monolayers,  shown  to  be  less  than  10  [10], 
A  qualitative  model  has  been  proposed  to  explain  these 
features  [4], 

The  lateral  potential  modulation  is  V^'h(y)  = 

A£e  hXAi(y),  where  A£e,h  is  the  GaAs/AlAs  T  band  offset 
for  electrons  or  holes.  Optical  studies  [11]  have  shown 
that,  with  a  lateral  periodicity  L  —  32  nm  (a  =  0.5°)  or 
16  nm  (a  =  1°),  Aa,(0.1)  ~  0.20-0.25  so  that  the  peak-to- 
peak  amplitude,  Vpp  —  2Aat(x)FA£e,h!  can  be  ~  50  meV 
for  electrons  (half  for  holes).  But  because  of  the  finite 
amplitude  of  the  lateral  potential,  lower  periodicity  would 
not  result  in  a  significant  modulation  of  the  electronic 
properties. 


Figure  3.  Variation  of  the  lateral  ordering  parameter  A  as  a 
function  of  the  FLS  mean  aluminium  content  x.  Black  dots 
and  error  bars  correspond  to  the  results  of  the  indicated 
experiments  (the  dark  curve  is  a  guide  to  the  eye)  while  the 
lower  curves  are  the  result  of  a  calculation  (based  on  the 
model  of  [8])  in  which  no  lateral  diffusion  of  the  Al  atoms  is 
taken  into  account. 


4.  2D  calculation  of  the  band  structure 

Basic  solid  state  physics  tells  us  immediately  that  the  lateral 
bandgap  Eg  at  ky  =  ±n/L  and  kx  =  0  is  independent  of 
L  and  equal  to  Fpp/2  (~  7.3  meV  in  the  conduction  band 
for  ( x )  =  0.05  and  Aat  =  0.15).  In  a  selectively  doped 
heterojunction  in  which  the  electrons  are  transferred  into  the 
FLS,  this  gap  is  further  reduced  by  screening.  Because  the 
periodicity  L  is  comparable  to  the  Fermi  wavelength  Ap (ns)> 
ns  being  the  mean  2D  electron  density  (Ap  ~  40  nm  for 
Ks  =  4x  1011  cm  2),  the  Thomas-Fermi  method  would  not 
be  very  accurate  and  a  2D  calculation  of  the  band  structure 
in  the  self-consistent  Hartree  approximation  is  necessary. 

A  very  efficient  method  for  solving  the  coupled 
Schrodinger  and  Poisson  equations  has  been  developed, 
making  extensive  use  of  the  fast  Fourier  transform 
technique  (each  wavefunction  of  the  basis  is  a  product  of 
f„(z)  (0  <  n  <  N),  the  nth  transverse  wavefunction  of 
an  unmodulated  electron  gas  of  density  ns  in  a  channel  of 
uniform  Al  composition  ( x )  by  a  plane  wave  &xp(\2nq/L), 
with  q  =  0,  ±1  ,...,±Q.  The  M  x  M  Hermitian 
Schrodinger  matrix  (M  =  N{2Q  +  1})  is  transformed  into 
a  symmetric  matrix  of  size  M  x  M  (not  2M  x  2 M  as  easily 
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ATOMIC  POTENTIAL 


Figure  4.  Charge  density  (a),  atomic  potential  (b)  and  electrostatic  screening  potential  (c)  in  a  selectively  doped 
heterojunction  (ns  =  4.5  x  1011  cnr2)  with  an  FLS  (1  =  32  nm  and  x  =  0.05).  The  first  Fourier  component  of  the  atomic 
potential  is  determined  experimentally  (A  =  0.15),  the  charge  and  the  screening  potential  are  then  calculated  in  the 
self-consistent  Hartree  approximation. 


done!)  before  being  diagonalized  completely,  in  order  to 
save  a  lot  of  computing  time  (it  grows  as  the  third  power 
of  matrix  size).  A  Green  resolvent  function  G(y,  z,  rj) 
for  the  electrostatic  potential  V’eiO'.z)  obtained  from  the 
Poisson  equation  can  be  found,  assuming  as  boundary 
condition  that  the  planar  Si  doping  plane  in  the  spacer  is 
an  equipotential  plane  ( s  is  the  dielectric  constant): 


G(y,  z,f,  n)  = 


1  Min(z,  rf) 
e  L 


-T  — 

It r  ‘  J  I  m 


+4rr  ^  I m'  ^ 


exp 


2n\m\\z  -  rj\ 


+exp 


2n\m\\z  +  T]  | 


(y  and  f  are  lateral  coordinates  in  the  direction  orthogonal 
to  the  steps,  i.e.  along  [110],  while  z  and  rj  are  in  the 
direction  of  the  growth  axis,  i.e.  along  [001]) 


The  calculation  of  Vei(;y,  z)  reduces  then  to  a  simple 
integration  of  the  product  of  this  function  by  the  charge 
density  p(£,  77).  Even  if  there  is  some  segregation  of 
Si  atoms  towards  the  growth  front,  the  effect  of  the  charge 
modulation  is  scaled  down  by  a  factor  exp(~ Anqz/L)  at 
a  set-back  distance  z  from  the  heterointerface  for  the  gth 
Fourier  component  of  the  electrostatic  potential,  so  that  the 
boundary  condition  is  well  justified  (z  ~  100  A  or  more). 


5.  Screening  and  tilt 

The  screening  potential  created  by  the  modulated  electron 
density  (figure  4)  reduces  the  total  potential  modulation  in 
the  conduction  band  (CB)  but  increases  it  in  the  valence 
band  (VB).  This  can  be  probed  by  photocreated  holes  if  they 
are  confined  in  the  close  vicinity  of  the  degenerate  electron 
gas.  We  define  two  parameters  and  accounting  for 
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COVERAGE  RATIO  p  COVERAGE  RATIO  p 

Figure  5.  (a)  Variation  of  the  first  minigap  at  the  Brillouin  zone  edge  and  at  the  zone  centre  as  indicated  by  the  arrows  as  a 
function  of  the  coverage  ratio  p  (the  magnitude  of  the  gaps  for  p  =  1  without  screening  is  also  indicated).  Insert:  sketch  of 
the  band  structure.  ( b )  Corresponding  variations  of  intrasubband  coupling  A00  and  intersubband  coupling  A>i  (without 
screening  the  coupling  coefficients  are  called  Af).  The  latter  quantity  reaches  a  maximum  for  (p  -  I)-1  =  77,  a  value  close  to 
the  width  of  the  channel  (in  units  of  monolayers)  [12]. 


the  change  of  the  modulation  potential  in  each  band,  felt 
by  the  charge  carriers 

^eff  =  (1  “  Te)A at(-*) 

*eff  =  (1  +  Yh&Ee/AEh)),x(x) 

^eff(^eff)  would  give  the  same  lateral  Brillouin  zone  edge 
minigap  Eg  in  the  CB  (VB),  using  a  value  Aat  =  Aeff 
and  ignoring  screening  (which  reduces  the  CB  minigap  by 
1  ~Ye)-  In  GaAlAs,  AEe/ AE^  ~  2.  Because  of  the  charge 
spatial  separation  Yh  <  Ye  (Yh  is  nearly  equal  to  ye  for 
selectively  doped  quantum  wells  of  width  W  <  80-100  A). 
With  L  =  32  nm,  W  =  20  nm  and  ns  =  4.5  x  1011  cm-2, 
we  get  ye  =  0.32  and  Yh  =  0.17.  Therefore  for  Aat  = 
0.15,  A®ff  =  0.10  and  Aj]ff  =  0.20  are  expected.  This 
explains  why  different  experiments  may  lead  to  values 
for  A  which  seem  in  complete  disagreement  if  screening 
is  not  taken  into  account:  a  measurement  of  the  linear 
polarization  ratio  of  the  radiative  recombination  between 
degenerate  electrons  and  photocreated  holes  is  determined 
by  the  properties  of  the  VB  states  [11]  and  therefore  gives 
Agff,  while  electrical  measurements  reflect  the  CB  properties 
and  give  A®ff. 

In  addition,  such  an  FLS  can  be  easily  tilted 
(figure  2(b))  because  of  some  inaccuracy  in  the  group  III 
atom  flux  calibration  (it  is  difficult  to  get  better  than  1%  in 
MBE)  or  of  the  lateral  gradient  of  these  fluxes  (the  temporal 
variations  are  usually  negligible  during  the  duration  of  the 
FLS  growth).  The  coverage  ratio  p  is  defined  as  the  exact 
amount  of  matter  (in  units  of  monomolecular  monolayers, 
i.e.  of  a  thickness  equal  to  az)  deposited  by  a  nominal 
monolayer.  It  is  independent  of  L,  whereas  this  is  not 
the  case  for  the  tilt  angle  /3,  which  is  therefore  not  a  very 
meaningful  parameter.  If  p  ^  1,  the  lateral  potential 


modulation  depends  also  on  the  coordinate  z  along  the 
growth  axis:  we  now  have  V^h(y,  z).  This  reduces  again 
the  bandgap  as  shown  for  electrons  in  figure  5(a).  For 
states  originating  from  the  first  electrical  subband  ( n  =  0), 
the  corresponding  effective  atomic  potential  would  be  (< p(p ) 
is  a  phase  term)  [12] 

V0e-\y)  =  <tfh<z)lCh(*Oltfh(z>> 

=  xA£e.h[l  +  Aa,(T)A^h  cos(27T  y/L  +  <p(p))]. 

The  Brillouin  zone  edge  minigap  in  the  CB  follows 
exactly  this  intrasubband  coupling  term  A^  (figures  5(a) 
and  ( b )).  We  can  define  an  effective  value,  for  A,  called 
A)  (p),  which  would  give  the  same  bandgap  Eg  with  p  =  1 
as  the  tilted  FLS  having  p  ^  1.  The  ratio  A)  (p)/Aat(p) 
would  again  follow  the  curves  of  figure  5.  It  can  be 
concluded  that  it  is  required  to  get  p  =  1  ±  0.01  in 
order  to  avoid  a  significant  reduction  in  the  effective  lateral 
potential  modulation.  But  the  tilting  effect  also  changes  the 
symmetry  of  the  lateral  potential,  inducing  intersubband 
coupling  Ann'(p)  with  n  ±  n'  [12],  These  non-diagonal 
terms  are  equal  to  zero  for  p  =  1.  This  would  be  in 
fact  exactly  true  only  if  the  atomic  modulation  were  to 
go  on  into  the  barrier  (this  not  the  case  in  our  structures 
but  the  electron  density  is  negligible  there).  It  has  to 
be  noted  also  that  the  electrostatic  screening  potential, 
being  dependent  on  the  z  coordinate,  also  induces  some 
intersubband  coupling  (using  the  total  potential  in  the 
relation  written  above)  even  if  the  atomic  potential  is 
not  tilted  itself  (figure  5(b)).  The  Ann-(p)  go  through  a 
maximum  for  a  value  of  p  ^  1.  This  effect  (for  n  =  0 
and  n'  —  1 )  can  be  revealed  by  the  dependence  on  p  of  the 
Fermi  edge  singularity  observed  in  low-temperature  optical 
studies  [13].  Another  effect  of  the  interband  coupling  is  that 
the  bandgap  at  the  centre  of  the  Brillouin  zone  is  much  less 
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reduced  than  the  bandgap  £g  at  the  Brillouin  zone  edge, 
when  the  second  electric  subband  is  not  far  away  (this  is 
the  case  when  L  ~  32  nm)  (figure  5(a)). 

6.  Conclusion 

With  a  progressive  understanding  of  all  these  effects,  we 
have  been  able  to  get  reproducible  and  well  understood 
data  in  quantum  structures  having  such  an  FLS  in  the 
active  region.  In  a  first  step,  we  have  found  expected 
properties:  spectral  shift  (with  respect  to  an  unmodulated 
structure)  and  linear  polarization  of  the  photoluminescence 
and  PL  excitation  spectroscopy  [11],  anisotropy  of  the 
electrical  conductivity,  magnetoresistance  for  current  flow 
in  the  direction  perpendicular  to  the  steps  and  magnetic 
breakdown  [14],  More  recently,  in  a  second  step,  we  have 
been  able  to  observe  new  properties  due  to  the  strong, 
periodic  and  low-disordered  lateral  modulation:  a  non¬ 
monotonic  variation  of  the  Fermi  edge  singularity  with 
the  tilt  [13]  and  a  transition  in  the  spin  polarization  of 
the  Landau  bands  at  high  magnetic  field  [15].  All  these 
phenomena  can  be  analysed  with  fairly  consistent  values 
for  A.at(x),  provided  that  screening  (calculated  here  in  the 
Hartree  approximation)  and  tilt,  if  any,  are  properly  taken 
into  account. 

Much  work  has  still  to  be  done.  The  building  up  of  the 
step  periodicity  and  of  the  lateral  ordering  of  the  Ga  and  Al 
atoms  are  not  yet  really  understood.  This  would  be  helpful 
in  order  to  know  more  about  the  ultimate  possibility  of  this 
type  of  organized  growth  and  to  assess  more  quantitatively 
the  importance  of  the  fluctuations. 
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Correlated  bi layer  electron  states 


M  Shayegan,  H  C  Manoharan,  Y  W  Suen,  T  S  Lay  and 
M  B  Santos 

Department  of  Electrical  Engineering,  Princeton  University,  Princeton,  NJ  08544, 
USA 

Abstract.  We  report  magnetotransport  measurements  in  a  wide  quantum  well  as 
the  electron  charge  distribution  is  tuned  from  a  single-layer  through  an  interacting 
bilayer  configuration  to  weakly  coupled  parallel  layers.  The  system  exhibits  a 
remarkably  rich  set  of  correlated  bilayer  states  including  unique  fractional  quantum 
Hall  states  at  even-denominator  fillings  and  insulating  phases  which  are  consistent 
with  pinned,  bilayer  Wigner  crystal  states. 


1.  Introduction 

The  introduction  of  an  additional  degree  of  freedom  can 
have  a  profound  effect  on  the  many-body  ground  states 
of  the  two-dimensional  electron  system  (2DES)  at  high 
magnetic  fields  B.  For  example,  the  addition  of  a  spin 
degree  of  freedom  stabilizes  the  particular  spin-unpolarized 
fractional  quantum  Hall  effect  (FQHE)  observed  at  lower 
B  [1,2],  while  substantially  increasing  the  layer  thickness 
(thus  introducing  an  additional  spatial  degree  of  freedom) 
leads  to  a  weakening  and  eventual  collapse  of  the  FQHE 
[3,4]. 

Here  we  report  magnetotransport  measurements  on  an 
electron  system  (ES)  confined  in  a  wide  GaAs  quantum 
well,  which  can  be  tuned  from  a  single-layer-like  (albeit 
thick)  system  to  a  bilayer  system  by  increasing  the  electron 
density  N  in  the  well  [5].  This  evolution  with  N  and, 
in  particular,  the  transition  to  a  bilayer  system  where 
interlayer  as  well  as  intralayer  interactions  are  dominant, 
has  a  dramatic  effect  on  the  correlated  states  of  the  ES,  as 
manifested  in  the  magnetotransport  data  [6-10], 

Figures  1  to  3  provide  examples  for  an  ES  in  a  750  A 
wide  GaAs  quantum  well.  In  certain  ranges  of  N ,  there  are 
well  developed  FQH  states  at  the  even-denominator  fillings 
v  =  1/2  [6— 8]|  and  3/2  [8]  which  have  no  counterparts 
in  standard  2DESs  in  single  heterostructures.  (Note  that 
v  =  1/2  is  the  total  filling  for  the  system;  it  corresponds 
to  1/4  filling  for  each  layer).  Figure  2  shows  that  at 
N  =  1.26  x  10"  cm-2,  insulating  phases  (IPs),  which 
are  re-entrant  around  the  v  =  1/2  FQH  state,  develop. 
The  data  in  figure  2  have  a  remarkable  resemblance  to  the 
IPs  observed  in  very  high-quality,  standard,  GaAs  2DESs 
[12]  except  that  here  the  IP  is  re-entrant  around  the  much 
higher  filling  v  =  1/2  rather  than  v  =  1/5!  Figure  3 
demonstrates  yet  another  surprising  aspect  of  the  QHE 
in  this  system.  Here  the  Arrhenius  plots  of  resistance 
at  v  =  1  are  very  unusual:  the  activated  behaviour  of 
Rxx  versus  1/7’  starts  rather  abruptly  below  a  temperature 

t  The  v  =  1/2  FQH  state  is  also  observed  in  bilayer  electron  systems  in 
double,  quantum  wells  [11], 
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Magnetic  field  (T) 

Figure  1.  Magnetotransport  data,  taken  at  T  ~  30  mK,  for 
a  750  A  wide  well  with  (a)  N  =  1.03  x  1011  cm-2  and 
(b)  N  =  1.55  x  1011  cm-2,  showing  well  developed 
even-denominator  FQH  states  at  v  =  1/2  and  3/2. 

T*  which  is  much  smaller  than  the  deduced  QHE  gaps 
(sa  20  K)  and,  even  more  surprisingly,  is  strongly  N- 
dependent. 

The  evolution  of  the  magnetotransport  data  in  this 
system  as  a  function  of  N,  and  the  intriguing  interplay 
between  the  incompressible  liquid  states  (including  the 
v  =  1/2  FQHE)  and  the  IP,  which  displays  behaviour 
profoundly  different  from  any  observed  in  a  standard  2DES, 
are  the  subject  of  this  paper.  We  first  discuss  the  FQHE  in 
this  system  and  then  focus  on  the  IP,  which  we  associate 
with  a  pinned,  bilayer  Wigner  crystal  with  intralayer  and 
interlayer  correlations.  Finally,  we  summarize  our  results 
for  the  v  =  1  QHE  in  this  system  [9]  and  suggest  that  its 
very  unusual  dependence  on  T  and  N  may  be  indicative 
of  an  additional  finite-temperature  transition,  from  a  QHE 
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Figure  2.  Data  for  the  same  sample  as  figure  1  but  with 
N  =  1.26  x  1011  cm-2.  Here  we  observe  an  insulating 
phase  re-entrant  around  the  v  =  1  /2  FQH  state.  The  inset 
shows  the  temperature  dependence  of  resistivity:  at 
v  =  1/2.  Pxx  vanishes  as  T  -*•  0  indicative  of  a  FQH  state 
while  at  slightly  higher  and  lower  v,  pxx  shows  an  insulating 
behaviour  as  it  diverges  with  decreasing  T. 


state  to  a  compressible  state,  which  is  unique  to  interacting 
bilayer  systems. 

2.  Electron  system  in  a  wide,  single  quantum  well 

The  ES  in  a  wide  GaAs  quantum  well  of  width  ~  1000  A 
[5]  is  a  particularly  interesting  one.  At  low  N  the  electrons 
occupy  the  lowest  electric  subband  and  have  a  single-layer¬ 
like  (but  rather  ‘thick’  in  the  z -direction)  charge  distribution 
(figure  4).  As  more  electrons  are  added  to  the  well, 
their  electrostatic  repulsion  forces  them  to  pile  up  near  the 
well’s  sides  and  the  resulting  electron  charge  distribution 
appears  increasingly  bilayer-like.  A  relevant  parameter  that 
quantifies  this  evolution  is  the  energy  difference  between 
the  symmetric  and  antisymmetric  subbands  (Asas)  which 
is  a  measure  of  the  coupling  between  the  two  layers.  Also 
relevant  is  the  interlayer  distance,  defined  by  the  parameter 
d  as  shown  in  figure  4.  A  crucial  property  of  the  ES 
in  a  wide  quantum  well  is  that,  for  a  given  well  width, 
both  Asas  and  d  depend  on  N:  increasing  N  makes  d 
larger  and  Asas  smaller  so  that  the  system  can  essentially 
be  tuned  from  a  (thick)  single-layer-like  ES  at  low  N  to 
a  bilayer  ES  by  increasing  N  (figure  4).  This  evolution 
with  density  plays  a  decisive  role  in  the  properties  of  the 
correlated  electron  states  in  this  system. 

Experimentally,  we  control  both  N  and  the  charge 
distribution  symmetry  in  the  ES  via  front-  and  back¬ 
side  gates,  and  by  measuring  the  occupied  subband 
electron  densities  from  Fourier  transforms  of  the  low-)? 
magnetoresistance  oscillations.  The  ASas  data  of  figure  4 
were  obtained  from  such  measurements  on  ‘balanced’ 
states,  i.e.  the  gates  were  tuned  to  preserve  symmetric 


charge  distributions  in  the  well.  The  remarkable  agreement 
of  the  data  with  the  self-consistent  calculations,  and  the 
controlled  variation  of  ASas  and  d  with  N,  attest  to  the 
excellent  tunability  of  the  ES  in  a  wide  quantum  well. 

Besides  this  tunability,  the  bilayer  ES  in  a  wide  GaAs 
well  has  another  great  advantage  over  its  counterpart  in  a 
double-quantum-well  (DQW).  Here  the  effective  ‘barrier’ 
separating  the  two  electron  layers  is  GaAs  while  in  a  DQW 
the  barrier  is  AlGaAs  or  AlAs.  The  purity  of  GaAs  grown 
in  a  molecular  beam  epitaxy  chamber  is  typically  higher 
than  that  of  AlGaAs  or  AlAs  (because  of  the  high  reactivity 
of  Al  and  its  sensitivity  to  impurities).  Moreover,  the 
AlGaAs  or  AlAs  barrier  in  a  DQW  introduces  additional 
interfaces  which  often  adversely  affect  the  quality  of  the  ES, 
for  example  because  of  the  additional  interface  roughness 
scattering. 


3.  Evolution  of  the  FQHE  in  a  wide  quantum  well 


Light  is  shed  on  the  origin  of  the  FQH  states  at  v  =  1/2 
and  other  fillings  in  a  wide  quantum  well  by  examining  the 
competition  between  (i)  Asas,  (ii)  the  in-plane  correlation 
energy  Ce2/slB  (where  C  is  a  constant  ~  0.1  and  = 
(Ti/eB)1/2  is  the  magnetic  length),  and  (iii)  the  interlayer 
Coulomb  interaction  ~  e2/sd.  To  quantify  behaviour  it 
is  useful  to  construct  the  ratios  y  =  {e2 / el?,) / Asas  and 
(e2 / e/B) / (e2 / ed)  =  dlB.  As  N  is  increased,  y  increases 
since  both  ASas  and  /B  (for  an  FQH  state  at  a  given  v) 
decrease,  and  d/lB  increases.  When  y  is  small,  the  system 
should  exhibit  only  ‘one-component’  (1C)  FQH  states 
(standard  single-layer  odd-denominator  states)  constructed 
from  only  the  symmetric  subband,  while  for  large  y  the  in¬ 
plane  Coulomb  energy  becomes  sufficiently  strong  to  allow 
the  antisymmetric  subband  to  mix  into  the  correlated  ground 
state  to  lower  its  energy  and  a  ‘two-component’  (2C)  state 
ensues.  These  2C  states,  constructed  out  of  the  now  nearly 
degenerate  symmetric  and  antisymmetric  basis  states,  have 
a  generalized  Laughlin  wavefunction  of  the  form  [13-15] 


Kmn  -  ~  ui)m  n(-  _  wJ')m  El (Mi"  “  wr)n 
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where  in  a  more  intuitive  pseudo-spin  or  two-layer 
language,  h,  and  id,-  denote  the  pseudo-spin  or  the  complex 
2D  coordinates  of  an  electron  in  the  two  layers.  The  integer 
exponents  m  and  n  determine  the  intralayer  and  interlayer 
correlations,  respectively,  and  the  total  filling  factor  for  the 

^mmn  State  is  y  =  V(m  +  ”)• 

Now  the  2C  states  described  by  come  in  two 

classes.  For  large  d/lB,  the  system  behaves  as  two 
independent  layers  in  parallel,  each  with  density  N / 2.  FQH 
states  in  this  regime  therefore  have  even  numerator  and  odd 
denominator.  An  example  is  the  tp2^  state  which  has  a 
total  filling  of  2/3  (1/3  filling  in  each  layer).  For  small 
enough  d/lB,  on  the  other  hand,  the  interlayer  interaction 
can  become  comparable  to  the  in-plane  interaction  and  a 
fundamentally  new  kind  of  FQH  state  becomes  possible. 
Such  a  state  has  strong  interlayer  correlation  and  can  be 
at  even-denominator  v;  a  special  example  is  the  state 
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Figure  3.  Arrhenius  plots  of  R**  at  v  =  1  versus  1/7  for  the  sample  of  figures  1  and  2  for  different  N.  For 
N  >  10  x  1010  cm-2,  the  activated  behaviour  of  R*,  ends  abruptly  above  a  temperature  7*  which  strongly  depends  on  N. 
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Figure  4.  The  evolution  of  an  electron  system  in  a  750  A  wide  single  quantum  well  as  a  function  of  total  electron  density  N. 
On  the  left  the  results  of  Hartree-Fock  simulations  for  the  self-consistent  conduction  band  potentials  (full  curves)  and  charge 
distributions  (dotted  curves)  are  shown.  On  the  right  the  calculated  ASas  (full  curve)  is  compared  with  the  measured  Asas 
(full  circles);  also  shown  is  the  calculated  layer  separation  d. 

with  v  =  1/2.  (The  physics  here  is  also  related  to  that  the  quasiparticle  excitation  gaps  of  several  FQH  states 

of  the  v  =  5 /2  FQH  state  which  is  observed  in  standard  determined  via  thermal  activation  measurements  depend 

2DESs  at  relatively  low  B  where  the  Zeeman  energy  is  on  y  as  shown  in  figure  5.  As  expected,  increasing  y 

small,  thus  providing  a  spin  degree  of  freedom  [1].)  suppresses  1C  states  (such  as  3/5)  and  enhances  2C  states 

A  careful  study  of  the  evolution  of  the  FQH  states  in  a  (such  as  4/5).  Two  states,  v  =  2/3  and  v  =  4/3, 

wide  quantum  well  as  a  function  of  N  and  the  symmetry  undergo  a  1C  to  2C  phase  transition  as  y  is  increased, 

of  the  charge  distribution  reveals  that  this  evolution  is  The  critical  point  for  this  transition,  y  «  13.5,  is  consistent 

compatible  with  the  above  picture  [8].  In  particular,  with  the  ratio  of  the  in-plane  correlation  energy  and  Asas 
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Figure  5.  Measured  energy  gaps  Av  of  several  FQH  states  versus  y.  The  number  of  components  (C)  in  each  state  is 
marked  in  parentheses.  As  y  increases,  the  1C  to  2C  transition  is  observed  at  y  —  13.5.  The  v  =  1/2  state  is  correlated  both 
in  the  plane  and  between  layers,  and  thus  exists  only  within  a  finite  range  of  y. 


(~  0.1(e2/£/B)/AsAS  =0.1  y)  being  of  the  order  of  unity, 
and  matches  the  point  where  the  energy  gaps  of  other  1C 
and  2C  states  emerge  from  zero.  Surrounding  this  point  is 
a  region  where  the  v  —  1/2  FQH  liquid  stabilizes.  Note 
that  since  this  is  a  2C  state  which  possesses  interlayer 
correlation  in  addition  to  intralayer  correlation,  it  exists  only 
within  a  finite  range  of  y  (the  2C  v  =  2/3  and  4/3  states 
are  simply  1/3  and  2/3  states  in  parallel  layers). 

4.  Evolution  of  insulating  phases 

Concurrent  with  the  evolution  of  the  FQH  states  in  this  wide 
quantum  well,  we  observe  an  IP  which  moves  to  higher  v 
as  N  is  increased.  Our  data  are  summarized  in  figure  6 
where  pxx  at  base  T  is  plotted  versus  v_1  a  B  for  several 
representative  N.  Experimentally,  the  IP  is  identified  by  a 
resistivity  that  is  both  large  ( pxx  >  h/e2  as  26  k$2  □“*, 
the  quantum  unit  of  resistance)  and  strongly  T  dependent. 
For  very  low  N,  the  IP  appears  near  v  =  1/5,  while  at  the 
highest  N  there  is  an  IP  for  v  <  1/2.  The  IP  observed 
in  the  intermediate  density  range  (10.4  x  1010  <  N  < 
14.2  x  1010  cm-2)  is  most  remarkable  as  it  very  quickly 
moves  to  larger  v  with  small  increases  in  N  (see,  for 
example,  traces  B,  C  and  D  in  figure  6);  along  the  way, 
it  also  shows  re-entrant  behaviour  around  well  developed 
FQH  states  at  v  =  2/7  (trace  B),  v  =  1/3  (traces  C  and 
D)  and  v  =  1/2  (trace  E).  Then,  as  N  increases  past  this 
point,  the  IP  begins  to  move  in  the  opposite  direction  to 
lower  v  (trace  F).  The  data  shown  in  figures  2  and  5  for 
N  —  12.6  x  1010  cm-2  bear  a  striking  resemblance  to  the  IP 
observed  re-entrant  around  v  —  1/5  in  low-disorder,  single¬ 
layer  2DESs,  generally  interpreted  as  a  pinned  Wigner 
solid  (WS)  [12];  here,  however,  the  IP  is  re-entrant  around 


the  bilayer  v  —  1/2  FQH  state,  with  the  re-entrant  peak 
reaching  the  prominently  high  filling  of  v  =  0.54. 

The  IPs  presented  in  figure  6  cannot  be  explained  by 
single-particle  localization.  First,  in  the  case  of  standard, 
single-layer  2DESs  it  is  well  known  that  as  N  is  lowered, 
the  quality  of  the  2DES  deteriorates  and  the  sample  shows 
a  disorder-induced  IP  at  progressively  larger  v  [16].  This 
is  opposite  to  the  behaviour  observed  here:  as  N  decreases 
from  10.9  x  1010  to  3.7  x  1010  cm-2,  the  quality  worsens 
as  expected  (for  example  mobility  decreases  monotonically 
from  1.4  x  106  to  5.3  x  105  cm2  V-1  s~!)  but  the  IP  moves 
to  smaller  v.  Second,  the  observation  of  IPs  which  are 
re-entrant  around  correlated  FQH  states,  and  particularly 
around  the  very  fragile  v  =  1/2  state  [8],  strongly  suggests 
that  electron  interactions  are  also  important  in  stabilizing 
the  IP. 

To  illustrate  that  the  behaviour  of  this  IP  is  indeed 
consistent  with  the  WS  picture,  it  is  instructive  to  first 
examine  the  three  main  re-entrant  peaks  in  figure  6  (from 
traces  B,  D  and  E),  which  appear  at  v  =  0.30,  0.39  and 
0.54  for  the  IPs  surrounding  the  v  =  2/7,  1/3  and  1/2 
FQH  states  respectively.  The  values  of  y  at  these  peaks  are 
respectively  16.9,  16.3  and  16.5.  The  peak  positions  span  a 
large  region  of  v,  and  yet  the  associated  y  are  remarkably 
similar.  Moreover,  at  this  value  of  y  as  16.5,  interlayer 
interactions  are  clearly  important  as  this  point  is  straddled 
by  the  2C  1/2  state  in  figure  5. 

The  construction  of  a  phase  diagram  for  the  observed 
IPs  facilitates  a  clear  correlation  between  the  IP  evolution, 
the  1C  to  2C  transition,  and  the  development  of  the  v  =  1  /2 
liquid.  We  have  examined  the  T -dependence  of  pxx  at 
many  N  over  the  entire  measurement  range  described 
earlier.  We  observe  T-independent  critical  points,  where 
dPxx/dT  changes  sign,  in  the  high-#  (v  <  2/3)  regime 
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Figure  6.  Evolution  of  the  IP  at  T  ~  25  mK.  As  N  is  increased,  the  IP  moves  quickly  in  to  higher  v,  becoming  re-entrant 
around  several  FQH  states  along  the  way,  until  it  stabilizes  around  the  v  =  1/2  bilayer  state  (bold  trace  E).  As  N  is  further 
increased  from  this  point,  the  IP  reverses  direction  and  begins  to  move  out  toward  lower  v. 


when  pxx  becomes  large.  The  B  fields  of  these  critical 
points  may  be  used  to  demarcate  the  boundary  between  the 
IP  and  non-insulating  states.  As  there  is  now  experimental 
evidence  that  the  quantum  Hall  liquid  to  insulator  transition 
occurs  at  a  universal  pxx  value  —  h/e2  [17],  and  since  in  our 
sample  whenever  pxx  >  h/e1,  the  derivative  d pxx/  dT  <  0, 
we  take  pxx  =  h /e1  as  a  threshold  point  for  the  IP.  At  each 
N,  these  threshold  points  have  been  converted  to  a  critical 
v  for  the  onset  of  insulating  behaviour  and  are  plotted  in 
figure  7  versus  y .  The  line  connecting  the  points  separates 
non-insulating  from  insulating  states,  and  the  resulting  plot 
is  therefore  a  phase  diagram  for  the  observed  IP. 

The  first  obvious  feature  of  the  phase  diagram  is  the 
wrinkling  in  the  phase  boundary.  This  is  caused  by  the  re¬ 
entrance  of  the  IP  around  several  FQH  states  as  discussed 
earlier.  The  limiting  critical  v  at  low  N  is  close  to  1/5, 
consistent  with  a  low-disorder  single-layer  2DES,  while  for 
the  highest  N  where  the  system  is  effectively  two  layers  in 
parallel,  the  IP  is  present  for  v  <  1/2,  i.e.  v  <  1/4  in 
each  layer.  This  is  reasonable  considering  that  even  at  the 
largest  N  interlayer  interactions  are  present  in  this  system, 
as  evidenced  by  the  observation  of  a  correlated  v  =  1 
QHE  at  high  N  in  the  same  well  (see  next  section).  Such 
interactions  can  move  the  WS  ground  state  to  v  1  /4  (for 
each  layer),  somewhat  larger  than  1  /5  expected  if  there  are 
no  interlayer  interactions.  We  note  that  our  measurements 
on  wider  quantum  well  samples  indicate  that  in  the  high- 
77  limit  the  onset  of  the  IP  indeed  approaches  v  «  2/5, 
consistent  with  two  high-quality  parallel  layers  becoming 
insulating  near  1/5  filling  in  each  layer  in  the  absence  of 
interlayer  interactions.  It  appears  that  this  regime  is  outside 
the  density  limits  of  our  current  sample. 


Figure  7.  Phase  diagram  for  the  IP,  constructed  by  plotting 
the  critical  v  for  the  onset  of  insulating  behaviour  versus 
the  energy  ratio  y.  Dotted  lines  indicate  regions  outside 
our  accessible  field  or  density  range. 

We  can  examine  in  more  detail  the  evolution  of  the  IP 
as  depicted  in  the  phase  diagram  of  figure  7  by  making 
comparisons  with  figure  5.  For  intermediate  N,  as  y 
increases,  the  IP  first  remains  close  to  v  =  1/5  but  then 
begins  to  move  to  higher  v  in  the  range  12  <  y  <  15. 
This  range  is  precisely  bisected  by  y  «  13.5  (figure  5) 
where  the  1C  to  2C  transition  occurs.  Then  the  IP  moves 
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very  quickly  to  u  ~  1/2  as  evidenced  by  the  nearly  vertical 
phase  boundary  at  y  %  16.  As  discussed  earlier,  and  as 
evident  from  figure  5,  this  y  is  centrally  located  in  the 
parameter  range  necessary  for  the  1  /2  state. 

Finally,  we  note  that  it  is  plausible  that  interlayer 
interactions  can  modify  the  ground  state  energies  so  that 
for  appropriate  parameters  a  crossing  of  the  liquid  and 
solid  states  occurs  at  the  large  fillings  we  identify  (for 
example  v  =  0.54,  i.e.  v  >  1/4  in  each  layer).  Calculations 
[18]  indicate  that  the  effect  of  interlayer  coupling  can  be 
particularly  strong  near  the  magnetoroton  minimum  and 
lead  to  the  vanishing  of  the  FQH  liquid  gap.  This  vanishing 
can  be  associated  with  an  instability  toward  a  ground  state 
in  which  each  of  the  layers  condenses  into  a  2D  WS  [18]. 

In  summary,  our  data  clearly  indicate  that  the  IP  we 
observe  in  this  bilayer  ES  for  y  >  13  is  a  product  of  the 
same  electron-electron  interactions  (both  within  the  layers 
and  between  them)  that  give  rise  to  the  1C  to  2C  FQH 
transition  and  the  bilayer  correlated  v  =  1/2  liquid  state, 
evidence  that  the  IP  is  indeed  a  2C  state  with  comparable 
inter-  and  intralayer  correlations,  and  very  likely  a  bilayer 
Wigner  solid-like  state. 

5.  Many-body,  bilayer  QHE  at  u  =  1 

In  bilayer  systems  with  appropriate  parameters,  the 
interlayer  interactions  can  also  lead  to  correlated  QHE  at 
integral  fillings  [19].  A  particularly  interesting  example 
is  the  2C  VP111]  state  at  v  =  1.  In  contrast  to  the  1C 
v  =  1  QHE  associated  with  Asas.  the  many-body,  bilayer 
v  —  1  incompressible  state  associated  with  'P1ln  has 
been  predicted  to  exhibit  exotic  properties  such  as  neutral 
superfluid  modes  and  a  Kosterlitz-Thouless  transition 
[20,21],  and  has  already  revealed  an  unexpected  in-plane 
B -driven  transition  (to  another  incompressible  state)  [22]. 

Data  on  ESs  in  wide  wells  [9]  reveal  that  in  these 
systems  the  ground  state  at  v  =  1  evolves  continuously 
from  a  QH  state  stabilized  by  large  Asas  at  low  N 
to  a  many-body  QH  state  stabilized  by  strong  interlayer 
interaction  at  intermediate  N.  As  N  is  further  increased,  we 
observe  an  incompressible-to-compressible  transition.  The 
unusual  T  and  N  dependence  of  the  data  as  the  transition 
boundary  is  approached  is  suggestive  of  an  additional  finite- 
temperature  transition  from  a  QHE  to  a  compressible  state, 
which  is  unique  to  bilayer  systems.  Here  we  briefly 
summarize  these  data. 

Figure  3  presents  Arrhenius  plots  of  pxx  at  v  —  1 
for  several  N  in  our  750  A  wide  GaAs  quantum  well. 
The  quasiparticle  QHE  excitation  gaps  A  i  determined  from 
the  slopes  of  the  (low-7)  activated  regions  of  these  plots, 
together  with  the  measured  and  calculated  Asas  arc  shown 
in  figure  8(a)  as  a  function  of  y.  For  comparison,  the  gaps 
for  the  u  =  1  /2  QH  state  in  the  same  sample  are  also  shown 
in  figure  8(a).  Several  features  of  the  data  of  figures  3  and 
8  are  noteworthy: 

(i)  While  Asas  decreases  with  increasing  y,  A[ 
increases  and  exceeds  Asas  by  more  than  a  factor  of  3 
at  the  highest  measured  y. 

(ii)  For  N  >  10  x  1010  cm-2  (y  >  10),  the  activated 
behaviour  of  Rxx  versus  1/7  starts  rather  abruptly  below  an 


Figure  8.  Plots  of  the  measured  v  =  1  QHE  energy  gap 
(AQ  and  7*  versus  y.  The  boundary  for  the  collapse  of  the 
v  =  1  QHE  to  a  compressible  state  for  this  sample  is  shown 
by  the  vertical  broken  line.  As  indicated  by  the  broken 
curve,  the  measured  7*  extrapolates  to  zero  at  this 
boundary.  For  comparison,  the  measured  Asas  and  the 
v  =  1/2  QHE  gap  (A1/2)  are  also  shown. 

N- dependent  temperature  7*.  Above  7*,  the  Rxx  minimum 
at  v  =  1  vanishes,  i.e.  Rxx  becomes  nearly  independent 
of  B  and  7.  For  N  <  10  x  1010  cm-2  (y  <  10),  the 
Arrhenius  plots  show  a  smoother  behaviour  and  Ai  gaps 
start  to  decrease  with  decreasing  N. 

(iii)  The  measured  A]  for  N  >  10x10’°  cm-2  (y  >  12) 
are  approximately  constant  («a  20  K)  and  exceed  T*  by 
more  than  an  order  of  magnitude. 

(iv)  A  plot  of  the  measured  7*  versus  y,  presented  in 
figure  8 (b),  shows  that  7*  decreases  with  increasing  y  and 
extrapolates  to  zero  at  y  %  29.  This  y  corresponds  to  an 
incompressible-to-compressible  phase  boundary  which  we 
have  observed  in  ESs  in  a  number  of  wide  quantum  wells 
with  varying  width  [9]:  in  these  systems,  for  sufficiently 
large  y,  we  observe  a  collapse  of  the  v  =  1  QHE  to  a  com¬ 
pressible  state.  In  the  present  sample,  we  cannot  reach  this 
boundary  because  the  required  high  N  is  not  experimen¬ 
tally  achievable  but,  based  on  our  data  on  other  samples, 
we  expect  the  boundary  to  be  at  y  ~  29  for  this  sample. 

The  above  data  demonstrate  that  the  ground  state  of 
the  ES  in  this  wide  quantum  well  at  v  =  1  evolves 
continuously  from  a  1C  QH  state  at  low  N  (y  <  10) 
stabilized  by  a  large  ASas  to  a  2C  QH  state  at  intermediate 
N  (10  <  y  <  20),  and  then  makes  a  transition  to  a 


1544 


Correlated  bilayer  electron  states 


metallic  (compressible)  state  at  large  N  (y  >  29).  We 
believe  that  for  intermediate  N  we  are  observing  a  bilayer 
QH  state  stabilized  by  comparable  interlayer  and  intralayer 
correlations,  possibly  a  2C,  'I',111-like  state  [9].  Note  that 
in  this  density  range,  y  for  the  v  =  1  QH  state  overlaps 
with  y  of  the  v  =  1/2  QH  state,  a  2C  liquid  state  which 
certainly  requires  interlayer  correlations. 

Finally,  the  data  of  figures  3  and  8  are  collectively  very 
unusual  and  qualitatively  different  from  what  is  observed 
for  the  integral  or  fractional  QHE  in  standard,  single-layer 
2DESs,  or  for  the  QHE  at  higher  fillings  such  as  v  —  3  in 
the  same  wide  quantum  well  sample  [9].  The  single-layer 
v  =  1  QHE  data  typically  exhibit  a  smoother  saturation  of 
the  activated  behaviour  at  high  T  and,  as  N  is  lowered, 
they  show  a  larger  Rxx  (at  any  given  T )  and  a  smaller 
excitation  gap  [23].  This  behaviour  is  very  similar  to  what 
we  observe  for  the  v  =  3  QHE  in  this  sample  [9]  and  for 
the  v  =  1  QHE  at  low  N  (<  10  x  1010  cm-2)  far  away  from 
the  compressible  boundary  (figure  3).  It  is  in  sharp  contrast 
to  the  v  =  1  data  at  high  N  near  the  compressible  boundary 
(IV  >  10  x  1010  cm-2),  where  Rxx  versus  T-1  data  appear 
to  simply  shift  horizontally  to  lower  T  as  N  is  raised. 

While  we  do  not  have  a  clear  understanding  of 
these  peculiar  data,  it  is  possible  that  a  finite-temperature 
transition  from  a  QHE  to  a  compressible  state  is 
taking  place,  with  T*  marking  this  transition  [9]. 
Although  unprecedented  in  a  single-layer  2DES,  finite-T 
transitions  may  occur  in  bilayer  systems  with  appropriate 
parameters:  examples  include  the  Kosterlitz-Thouless 
transition  theoretically  proposed  for  the  'P,1U  state  [20,  21], 
or  a  transition  from  a  correlated  ('I/]1n-like)  incompressible 
state  to  an  uncorrelated,  compressible  state  with  v  =  1/2 
in  each  layer  [24],  Details  of  such  transitions  and  how 
they  will  quantitatively  affect  the  transport  properties  are 
not  known,  however. 

6.  Summary 

Magnetotransport  data  taken  on  an  electron  system  in  a 
wide  quantum  well  with  variable  density  reveal  a  striking 
evolution  of  its  correlated  states.  While  the  data  at  low  and 
high  densities  are  consistent  with  single-layer  and  weakly 
coupled  bilayer  states  respectively,  at  intermediate  densities 
the  data  exhibit  new  QHE  and  insulating  phases  which 
are  stabilized  by  both  intralayer  and  interlayer  electron 
correlations. 
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Breakdown  of  the  integer  quantum 
Hall  effect  at  high  currents  in 
GaAs/AIGaAs  heterostructures 
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Department  of  Physics,  Gakushuin  University,  Mejiro,  Toshima-ku,  Tokyo  171, 
Japan 

Abstract.  Experimental  results  of  the  breakdown  of  the  integer  quantum  Hall  effect 
(QHE)  measured  at  Gakushuin  University  for  butterfly-type  Hall  bar  samples 
fabricated  from  GaAs/AIGaAs  heterostructure  wafers  with  various  electron 
concentrations  and  mobilities  show  that  the  onset  of  the  breakdown  of  the  QHE  is 
caused  by  average  current  density  or  average  Hall  electric  field.  The  result 
supports  the  idea  that  the  edge  channel  picture  is  not  a  realistic  description  of  the 
QHE.  The  critical  breakdown  Hall  fields  Fcr  (/  =  2  and  4)  and  Fcr  (/  =  1  and  3)  are 
proportional  to  B3/2  where  B  is  the  magnetic  field  at  the  centre  of  each  quantized 
Hall  plateau.  The  effective  g-factor  in  this  2D  system  in  strong  magnetic  fields  is 
evaluated  as  ge«  «s  10  from  the  experimental  result  Fcr  (/  =  2  and  4)/Fcr  (/  =  1  and 
3)  «  3  assuming  Fcr  (/'  =  2  and  4)/Fcr  (/  =  1  and  3)  =  tiMc/gBnixBB. 


1.  introduction 

In  the  integer  quantum  Hall  effect  (QHE),  the  Hall 
conductivity  is  quantized  as  axy  =  —ie2/h  for  an  integer  i 
with  zero  diagonal  conductivity  axx  —  0  in  degenerate  two- 
dimensional  electron  systems  (2DES)  at  low  temperatures 
and  in  strong  magnetic  fields  [1].  The  QHE  appears  in 
a  Hall  bar  sample  as  the  Hall  resistance  is  quantized  as 
RH(i)  =  h/ie2  with  zero  diagonal  resistance  Rxx  =  0. 
The  quantum  Hall  effect  was  predicted  by  Ando  et  al  [2] 
in  1975  by  their  theoretical  study  of  the  Hall  effect  in 
Landau  levels  in  2DES  with  attractive  and  repulsive  short- 
range  scatterers.  In  1980  Kawaji  and  Wakabayashi  [3] 
obtained  experimental  results  by  Hall  current  measurements 
for  Si-MOSFETs  which  show  that  the  Hall  conductivity 
is  quantized  when  the  diagonal  conductivity  is  zero  as 
predicted  by  Ando  et  al.  Their  results  of  temperature 
dependence  of  the  conductivities  have  shown  that  Anderson 
localization  causes  the  quantum  Hall  effect  as  theoretically 
studied  by  Ando  et  al.  In  the  same  year  von  Klitzing  et  al 
[4]  made  a  precision  measurement  of  the  Hall  resistance 
Rh  =  Vh //  and  showed  that  Fh(4)  =  h/4e2  with  an 
accuracy  of  3  ppm  to  the  recomended  value.  Von  Klitzing  et 
al  proposed  that  this  is  a  new  method  for  the  determination 
of  the  fine  structure  constant  a  =  g.Bce2 /2h  where  fi0  is 
the  permittivity  of  a  vacuum  and  c  is  the  light  velocity. 
This  proposal  opened  a  new  era  in  the  electrical  resistance 
standards. 

Breakdown  of  the  QHE  at  high  Hall  fields  was 
anticipated  by  early  Corbino  disc  experiments  for  Si- 
MOSFETs  where  the  finite  gate  voltage  regions  for  crxx  =  0 
at  low  source-drain  fields  disappear  when  the  source- 
drain  field  increases  [1,5],  In  the  early  1980s  several 


experimental  and  theoretical  studies  of  the  breakdown  of 
the  QHE  were  reported  [6],  Experimental  researches 
into  the  breakdown  were  mainly  carried  out  for  Hall  bar 
samples  because  the  main  concern  in  standards  laboratories 
was  a  high  current  in  a  Hall  bar  which  generates  a  high 
Hall  voltage  for  high-precision  measurements  in  resistance 
standards. 

Recently,  the  breakdown  of  the  QHE  at  high  currents 
has  been  a  subject  of  renewed  interest  as  a  tool  to 
find  current  or  field  distributions  in  the  QHE  state.  In 
the  last  decade,  the  quantized  Hall  resistance  (QHR) 
and  zero  longitudinal  resistance  in  the  QHE  has  been 
discussed  as  a  non-local  property  of  a  2DES  in  strong 
magnetic  fields  based  on  an  edge  channel  picture  [7].  This 
picture  is  different  from  the  Anderson  localization  picture 
which  describes  the  QHE  as  a  local  property  of  a  2DES. 
Breakdown  experiments  have  been  expected  to  clarify  the 
mechanism  of  the  QHE. 

This  paper  briefly  describes  the  results  of  a  series  of 
experiments  by  our  group  on  the  breakdown  of  the  QHE. 

2.  Samples 

The  QHE  state  is  characterized  by  non-dissipative  electric 
current  whose  direction  is  orthogonal  to  the  direction  of  the 
electric  field,  i.e.  a  Hall  electric  field,  where  the  diagonal 
resistance  in  the  Hall  bar  is  zero,  i.e.  Rxx  —  0.  Such  a  non- 
dissipative  electronic  state  only  appears  near  the  central  part 
of  the  Hall  bar  sample.  Joule  heat  is  always  generated  at 
both  ends  of  the  sample,  i.e.  in  transition  regions  between 
the  2DES  and  two  current  electrodes,  the  source  electrode 
and  the  drain  electrode  [1].  The  breakdown  of  the  QHE 
which  we  want  to  measure  is  the  appearence  of  dissipation 
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Figure  1.  Structure  of  butterfly-type  I  samples  [9, 10]. 


in  a  part  of  a  Hall  bar  other  than  the  parts  near  the  current 
electrodes.  In  order  to  do  this,  we  have  to  eliminate  effects 
of  the  source  and  the  drain  electrodes.  We  know  that  in 
high-precision  measurements  of  the  QHR  in  Si-MOSFETs 
the  resistances  at  the  source  and  the  drain  electrodes  appear 
in  narrow  Hall  bar  samples  [8].  The  Si-MOSFET  samples 
with  wide  source  and  drain  electrodes  (~2  mm)  do  not 
show  electrode  resistance  at  a  current  level  of  10  /xA. 

In  a  series  of  our  experiments  we  fabricated 
specially  designed  Hall  bar  samples  (butterfly-type  Hall 
bar)  from  GaAs/Al0.3Gao.7As  heterostructure  wafers  by 
photolithography  and  wet  chemical  etching.  The  typical 
electrode  structure,  called  the  butterfly-type  I,  is  shown  in 
figure  1  [9,10].  In  order  to  keep  the  same  energy  dissipation 
condition  at  the  source  and  drain  electrodes  in  different 
samples,  all  the  samples  have  the  same  source  and  drain 
electrode  width  of  W  =  400  /xm.  Moreover,  in  order  to 
equilibrate  the  state  of  electrons  in  the  central  part  of  the 
sample  where  the  measurement  is  carried  out,  all  samples 
have  a  large  total  length  of  L  =  2900  /im.  The  central 
part  is  600  /x m  long  and  has  a  different  width  w  between 
10  and  120  /xm.  The  length  l  =  600  gm  is  found  in 
three  pairs  of  potential  probes.  The  width  of  each  sample 
is  linearly  narrowed  from  both  current  electrodes  to  the 
ends  of  the  central  part  as  shown  in  figure  1.  In  another 
series  of  experiments  we  used  samples  (butterfly-type  II) 
with  W  =  400  /xm,  L  =  2600  /xm  and  l  —  120  /xm+12in 
[11].  The  length  of  120  /xm  is  found  in  three  pairs  of 
potential  probes.  The  width  w  is  fabricated  as  3,  4,  5,  10, 
20,  50  and  60  /xm. 

We  also  fabricated  conventional  rectangular  Hall  bar 
samples  with  a  length  between  the  source  and  the  drain 
electrodes  of  L  =  600  /xm  and  three  pairs  of  potential 
probes.  This  structure  is  same  as  the  central  part  of  the 
butterfly-type  I  [12], 

3.  Experimental  results 

Measurements  were  made  mostly  at  0.5  K.  The  quantized 
Hall  plateau  region  was  observed  in  a  trace  of  magnetic  field 
dependence  of  Rxx.  Typical  traces  are  shown  in  figure  2 
[11].  The  critical  current  7cr  was  determined  from  the 
current  at  which  the  plateau  disappears,  i.e.  the  diagonal 
resistance  >  0.1  Q.  The  rise  in  the  diagonal  resistance 
at  the  breakdown  is  so  abrupt  that  the  critical  current  can 
be  determined  without  any  uncertainty  affecting  the  results. 
An  example  of  the  sample  width  dependence  of  the  critical 
current  is  shown  in  figure  3  [11].  The  width  of  the  central 


Figure  2.  Diagonal  resistance  Rw(/'  =  4)  versus  change  in 
the  magnetic  field  B  [11]. 


Figure  3.  Critical  current  of  the  breakdown  /cr  versus 
sample  width  w  [11]. 

part  is  reduced  from  w  to  the  effective  sample  width  w'  by 
chemical  etching  and  formation  of  space  charge  layers.  As 
shown  in  figure  3,  the  critical  current  is  proportional  to  the 
effective  sample  width.  Therefore,  we  used  the  effective 
width  for  calculation  of  average  critical  current  densities 
JCr,  or  average  critical  Hall  electric  fields  Fcr.  We  used  six 
wafers  in  which  electron  concentrations  Ns  and  mobilities 
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Figure  4.  Critical  current  of  the  breakdown  lcr  versus 
sample  width  w  in  butterfly-type  I  samples  (open  symbols) 
and  rectangular  samples  (full  symbols)  [12]. 


/z  ranged  from  1.4  x  1015  m  2  to  5.8  x  1015  m  2  and  from 
13.5  m2  V  s"1  to  27  m2  V~!  s_1. 

We  compared  breakdown  features  between  the 
butterfly-type  I  samples  and  conventional  rectangular  sam¬ 
ples  fabricated  on  the  same  heterostructure  wafer  which  has 
Ns  —  1.6  x  1015  m~2  and  q,  =  35  m2  V-1  s_1.  An  example 
of  the  width  dependence  of  the  critical  breakdown  current 
is  shown  in  figure  4  [12].  The  conventional  rectangular 
samples  show  a  sublinear  dependence  of  7cr  on  w,  while 
the  butterfly-type  I  samples  show  a  linear  dependence. 

We  have  extended  breakdown  measurements  for  higher- 
mobility  butterfly-type  samples.  Butterfly-type  II  samples 
fabricated  from  a  wafer  which  have  Ns  =  3.5  x  1015  m~2 
and  n  —  75  m2  V-1  s-1  showed  the  same  linear  dependence 
on  w  as  those  measured  in  low-mobility  samples.  A 
butterfly-type  I  sample  fabricated  from  a  wafer  of  Ns  — 
3.0  x  1015  m~2  and  /x  =  110  m2  V~!  s_I  showed  almost 
the  same  Fcr  as  those  of  low-mobility  samples  [13]. 

Experimental  results  for  critical  breakdown  electric 
fields  Fcr  in  the  Hall  plateaus  with  the  plateau  quantum 
numbers  i  =  1,  2,  3,  4  are  plotted  against  the  magnetic 
field  at  the  centre  of  each  plateau  in  figure  5  [13].  Figure  5 
shows  that  Fcr  ( i  —  2,  4)  lie  on  a  single  straight  line  and  Fcr 
(i  —  1,  3)  lie  on  another  parallel  single  line  in  the  log-log 
plot  and  their  slopes  are  3/2. 

4.  Discussion 

An  important  result  of  our  experiments  carried  out  by  using 
butterfly-type  Hall  bars  is  that  the  onset  of  the  breakdown  of 
the  QHE  is  not  caused  by  the  electric  current  but  the  average 
current  density  or  the  average  Hall  electric  field.  This 
characteristic  feature  does  not  depend  on  electron  mobility 
which  ranges  between  13.5  and  110  m2  V-1  s-1.  The 
result  strongly  supports  a  homogeneous  current  distribution 


Figure  5.  Critical  breakdown  field  Fcr  versus  magnetic  field 
B  [13].  Low  mobility:  13.5  <  n  (m2  V-1  s-1)  <  27. 

in  a  Hall  bar,  at  least  at  high  currents  such  as  those 
used  in  resistance  standards.  In  other  words,  the  edge 
state  picture  is  not  a  realistic  description  of  the  QHE.  The 
edge  channel  picture  might  be  able  to  describe  phenomena 
in  Hall  bars  at  small  currents  7  <0.1  /z A  [14].  The 
phenomena  which  can  be  observed  at  such  small  currents, 
however,  should  not  be  called  the  QHE  because  we  cannot 
use  the  Hall  resistance  at  a  current  level  of  0.1  /xA 
as  resistance  standards.  We  note  here  that  a  quantized 
Hall  conductivity  can  be  observed  without  an  edge  by 
measurements  using  microwave  frequency  [15]  and  by 
measurements  for  Corbino  disc  samples  [16]. 

Recently  Balaban  et  al  [17]  claimed  that  their  critical 
current  7cr  measured  in  high-mobility  samples  depends 
sublinearly  on  the  width  w.  The  electron  mobilities 
of  their  samples  are  70  and  90  m2  V-1  s_1.  They 
also  claimed  that  the  low-mobility  sample  with  /z  = 
12  m2  V"1  s_1  showed  linear  dependence  of  7cr  on  w  but 
the  dependence  changed  into  sublinear  and  7cr  decreases 
after  long  illumination  where  the  mobility  changed  to 
21  m2  V-1  s"1  [18].  They  attributed  the  linear  dependence 
of  7cr  on  w  to  inhomogeneity  of  the  samples.  However, 
our  results  for  Fcr  in  high-mobility  butterfly-type  samples 
with  fi  =  75  m2  V-1  s-1  and  n  =  110  m2V  -1  s-1  showed 
almost  same  results  as  observed  in  low-mobility  samples. 
Moreover,  as  shown  in  figure  4,  conventional  rectangular 
Hall  bar  samples  showed  smaller  7cr  than  those  measured 
in  the  butterfly-  type  samples  and  their  dependence  on  w 
is  sublinear.  Based  on  these  results  we  consider  that  the 
sublinear  dependence  of  7cr  on  to,  which  Balaban  et  al 
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observed  [17,18]  probably  arises  from  effects  of  current 
electrodes  in  short  samples,  though,  unfortunately,  Balaban 
et  al  did  not  describe  the  lengths  of  their  samples. 

We  summarized  in  figure  6  Fcr  (i  =  2,  4)  results 
reported  so  far  by  other  authors  [19-26]  and  our  results. 
Our  Fcr  data  are  no  smaller  than  other  authors’  results 
measured  by  using  normal  Hall  bars  and  Corbino  discs. 
This  shows  that  our  Fcr  data  are  probably  not  affected  by 
any  effects  of  current  electrodes.  In  figure  6,  Stormer 
et  al' s  results  (open  circles  4)  for  i  =  2  and  i  —  4 
were  measured  by  a  Corbino  disc  [22],  Therefore  they 
do  not  contain  the  effects  of  current  electrodes  expected 
in  Hall  bar  samples.  Their  values  are,  however,  smaller 
than  many  other  results  measured  by  Hall  bar  samples  and 
the  magnetic  field  dependence  is  much  weaker  than  our 
results.  Their  Corbino  disc  results  might  contain  other 
uncontrollable  sample  parameters,  such  as  inhomogeneity 
in  the  wafer,  than  simple  electrode  effects.  We  note  here 
that  Bliek  et  al’s  [27]  result  measured  for  samples  with  a 
narrow  constriction  is  one  order  of  magnitude  larger  than 
our  results. 

The  magnetic  field  dependence  of  Fcr  is  a  key  which 
opens  the  door  to  a  possible  mechanism  for  the  breakdown. 
The  mechanism  of  abrupt  phonon  emission  analogous  to 
Cerenkov  radiation,  proposed  by  Streda  and  von  Klitzing 
[28]  and  Stormer  et  al  [22],  and  an  electron-heating 
mechanism  such  as  discussed  by  Komiyama  et  al  [23]  lead 
to  a  dependence  of  Fcr  a  B.  Our  result  of  Fcr  a  B3/2 
suggests  that  a  possible  mechanism  for  the  breakdown  is 
the  production  of  dissipative  carriers  by  inter-Landau  level 
tunnelling  of  electrons  due  to  small  scatterers  from  the 
highest  filled  Landau  level  to  the  next  empty  Landau  level. 
The  spatial  extent  of  the  electron  wavefunction  of  a  Landau 
level  along  the  Hall  electric  field  is  proportional  to  S~1//2 
and  is  described  by  a  harmonic  oscillator  wavefunction 
[1],  The  energy  splitting  between  adjacent  Landau  levels 
is  proportional  to  B  irrespective  of  their  origin,  i.e.  Landau 
gaps  or  spin  gaps.  Therefore,  the  critical  electric  field  at  the 
onset  of  electron  tunnelling  is  expected  to  be  proportional 
to  B3/1  irrespective  of  tunnelling  processes,  i.e.  a  process 
due  to  a  single  transition  or  a  process  due  to  higher-order 
multiple  transions. 

Eaves  and  Sheard  (E-S)  [29]  have  derived  a  simple 
expression  for  the  critical  breakdown  field  based  on  the 
inter-Landau  level  single  process  tunnelling  as 

Fcr(E-S)  =  e4[(2„  +  1)1/2  +  (2„  + 3)1/2]  (1) 

where  =  ( h/eB)l/ 2  is  the  magnetic  length  and  n  is  the 
Landau  level  quantum  number,  i.e.  n  —  0  for  i  =  1  and 
2  and  n  =  1  for  i  =  3  and  4.  This  equation  leads  to  a 
relation  Fcr(/)  <x  B 3/2.  Here,  £B(2 n  +  1)1/2  is  the  spatial 
extent  of  the  wavefunction  of  an  electron  in  the  highest 
filled  Landau  level  and  £b(2k  +  3)1/2  is  that  of  an  electron 
in  the  lowest  empty  Landau  level.  Thus  the  product  of 
the  denominator  of  equation  (1)  and  the  Hall  electric  field 
gives  the  potential  energy  difference  of  an  electron  along 
the  distance  where  its  wavefunction  and  the  wavefunction 
of  a  state  in  the  next  higher  Landau  level  overlap  each  other. 
However,  our  experimental  results  are  different  from  the 
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Figure  6.  Critical  breakdown  field  Fc,(i  =  2,  4)  versus 
magnetic  field  B  reported  by  other  authors  (open  circles) 
and  by  the  GU  group  (full  symbols).  1,  Ebert  et  al  [19];  2, 
Cage  et  at  [20];  3,  Kuchar  et  al  [21];  4,  Stormer  et  al  [22]; 
5,  Komiyama  ef  a/  [23];  6,  Cage  et  al  [24];  7,  Boisen  et  al 
[25];  8,  Ahler  et  al  [26];  9,  Kawaji  et  al  [10, 11];  10,  Okuno 
et  al  [11],  Sample  specifications  of  GU  group.  GU9: 

A/s ( 1 0 1 5  nr2)  =  4.7,  n(m2  V"1  s"1)  =  21,  GU10: 

5.8  >  A/s(1015  m2)  >  1.4,  13.5  <  /x(m2  V"1  s”1)  <  27. 

prediction  of  equation  (1)  in  their  magnitude  and  in  their 
dependence  on  the  Landau  level  quantum  number.  Eaves 
and  Sheard’s  expression  leads  to  a  result  which  is  more 
than  one  order  of  magnitude  larger  than  our  experiments, 
i.e.  [Fcr(E-S)/Fcr(Expt.)]i=4  ~  20.  According  to  their 
expression,  Fcr(i  =  2)  should  be  larger  than  Fcr(f  =  4), 
i.e.  [Fcr(E-S)(_2/Fcr(E-S)](=4  =  1.5,  while  they  are  the 
same  in  our  experimental  results. 

When  we  take  higher-order  tunnelling  processes  into 
account,  in  which  an  electron  can  tunnel  through  multiple 
paths  via  higher  and  lower  energy  states,  Fcr  may 
be  reduced  from  the  value  calculated  by  equation  (1). 
Recently  Kawabata  [30]  calculated  the  critical  field 
due  to  higher-order  tunnelling  and  obtained  a  result 
Fcr(Kawabata)/Fcr(E-S)  ~  1/3.  The  relation  Fcr  a  B3/2 
is  held  for  higher-order  tunnelling.  The .  higher-order 
tunnelling  may  also  eliminate  the  dependence  of  the  Landau 
level  quantum  number  in  the  inter-Landau  level  transition 
[30],  The  enhancement  of  the  inter-Landau  level  transition 
by  spatially  extended  scatterers  proposed  by  Trugman  [31] 
reduces  the  critical  field  but  their  result  leads  to  a  weaker 
magnetic  field  dependence  of  Fcr  a  B.  Quite  recently 
Ishikawa  et  al  calculated  the  inter-Landau  level  tunnelling 
caused  by  Landau  level  broadening  due  to  a  Hall  electric 
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field  [32].  Ishikawa  et  al’s  representation  of  2DES  in  a 
strong  magnetic  field  is  based  on  von  Neuman’s  magnetic 
lattice  [33].  They  calculated  the  level  broadening  due 
to  the  electric  field  F  and  obtained  that  the  level  width 
is  given  by  T  =  ( .  They  consider  that  the 
electron  tunnelling  occurs  at  the  field  when  the  Landau 
level  width  is  equal  to  the  energy  splitting.  Then  the 
critical  field  is  given  by  Fcr(Ishikawa)  =  hojc/(2n)xl2etR 
which  is  indendent  of  the  plateau  quantum  number  i  and 
Fcr(Ishikawa)/Fcr  (E-S)  ~  1. 

Our  results  in  figure  5  show  that  the  ratio  Fa(i  = 
2,4 )/Fcr(t  —  1,3)  is  about  3  at  a  given  magnetic 
field.  Strong  spin-orbit  interaction  in  GaAs  allows 
spin-flip  tunnelling  from  the  filled  lower  spin-split  spin 
polarized  Landau  level  to  the  upper  spin-split  Landau  level. 
Therefore,  we  consider  this  ratio  to  be  equal  to  the  ratio 
of  the  Landau  level  splitting  and  the  Zeeman  splitting 
hco c/geffMB-B  where  geft  is  the  exchange-enhanced  effective 
g-factor  of  an  electron  and  /xb  is  the  Bohr  magneton. 
The  relation  Fcr(i  =  2,  4)/Fcr(f  =  1,3)  =  Ticod 
is  easily  given  when  the  inter-Landau  level  tunnelling 
mechanism  holds  in  the  breakdown  of  the  QHE  in  the 
Landau  gaps  and  in  the  Zeeman  gaps.  Even  if  this 
breakdown  mechanism  does  not  hold,  the  relation  given 
above  between  the  critical  fields  and  the  energy  splittings 
probably  holds  though  it  is  hard  to  explain  the  dependence 
of  Fcr  a.  B3/2  by  other  mechanisms.  Then  we  can 
determine  the  effective  g-factor  of  an  electron  in  the  present 
system.  Spin-splitting  can  be  ignored  in  the  breakdown 
in  the  plateaus  with  i  =  2  and  4  because  the  g-factor  of 
an  electron  in  GaAs  is  very  small,  i.e.  g  =  —0.44  [34], 
However,  the  g-factor  should  be  enhanced  by  the  exchange 
effect  observed  for  quantized  plateaus  with  i  =  1  and  3. 
From  the  result  Fcr(i  =  2, 4)/Fcr(i  =  1,3)  «  3  in  figure 
5,  we  have  a  result  geff  ~  10.  This  result  is  consistent 
with  Usher  et  al’s  geff  =  7.3  [35].  They  obtained  the  same 
magnetic  field  dependence  of  the  activation  energies  of  Rxx 
in  both  energy  gaps  for  i  =  1  and  i  =  3  and  derived  the 
above  result.  Our  result  is  also  consistent  with  a  recent 
result  in  experiments  on  skyrmions  by  Barrett  et  al  [36] 
who  discussed  the  enhancement  of  Zeeman  splitting  by  a 
factor  of  ~10  to  explain  temperature  dependence  of  the 
Knight  shift  in  optically  pumped  NMR  measurements  near 
the  Landau  level  filling  factor  v  =  1. 

In  conclusion  we  have  carried  out  measurements 
of  the  critical  current  at  the  onset  of  the  breakdown 
of  the  QHE  in  butterfly- type  Hall  bar  samples  made 
from  GaAs/Al0.3Gao.7As  heterostructure  wafers  which  have 
different  electron  concentrations  and  mobilities.  We  have 
observed  that  the  onset  of  the  breakdown  is  caused  not  by 
the  current  but  by  the  average  current  density  or  the  average 
Hall  electric  field  and  the  critical  field  is  proportional  to 
B3/ 2  where  B  is  the  magnetic  field  at  the  plateau  centre. 
The  former  shows  that  the  current  distribution  is  uniform 
at  a  high  current  level  such  as  those  used  in  resistance 
standards.  The  latter  suggests  that  the  inter-Landau  level 
tunnelling  due  to  small  scatterers  is  a  possible  breakdown 
mechanism.  The  tunnelling  is  probably  not  a  simple  process 
but  a  higher-order  multiple  process.  The  effective  g-factor 
of  an  electron  in  the  present  system  in  strong  magnetic 


fields  is  evaluated  to  be  ^  10  from  the  ratio  of  the  critical 
field  for  the  plateau  quantum  number  i  =  2  and  4  and  that 
for  i  =  1  and  3  assuming  Fcr(i  =  2  and  4 )/Fcl(i  =  1  and 
3)  =  Tuoc/geffiiBB. 
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Abstract.  Nanolithography  is  the  technology  of  fabricating  sub-0.1  /x m  structures 
for  use  in  either  electronic  devices  or  novel  experiments  in  physics.  While  this  has 
predominantly  been  the  province  of  electron-beam  lithography,  new  approaches 
explore  the  use  of  scanning  probe  techniques.  Here,  we  discuss  the  limitations  of 
electron-beam  lithography,  the  development  of  novel  Si02  resists,  and  some  uses 
of  scanning-probe  lithography. 


1.  Introduction 

Since  the  introduction  of  integrated  circuits  some  four 
decades  ago,  the  density  of  individual  transistors  on 
a  single  circuit  chip  has  doubled  approximately  every 
three  years,  and  it  is  expected  that  minimum  linewidths 
will  approach  0.07  /xm  within  the  next  decade.  This 
growth  has  fuelled  a  continuing  improvement  in  the 
tools  that  are  used  for  photolithographic  exposure  and 
fabrication  of  these  circuits,  and  it  is  expected  that  optical 
lithography  will  continue  to  be  the  methodology  of  choice 
down  to  dimensions  of  the  order  of  0.12-0.15  /xm. 
Beyond  that,  new  approaches  will  be  necessary.  On  the 
other  hand,  the  fabrication  of  research  devices  at  much 
smaller  dimensions  has  always  utilized  more  advanced 
nanolithographic  techniques,  usually  electron-beam  (e- 
beam)  lithography  [1—4].  The  utility  of  direct  writing  with 
the  e-beam  system  also  has  been  a  key  to  the  fabrication  of 
specialized  structures  in  which  to  investigate  novel  physical 
effects,  particularly  low-dimensional  structures  [5]. 

Many  approaches  have  been  used  to  define  novel 
sub-0.1  ij. m  structures  by  nanolithography  [6].  The 
highest  resolution  of  these  approaches  remains  electron- 
beam  lithography  and  its  newer  offspring,  scanning-probe 
lithography,  in  which  a  scanning  tunnelling  microscope 
(STM)  or  an  atomic  force  microscope  is  used  to  create 
the  exposure  [7-10].  In  this  paper,  we  will  review  the 
limits  of  electron-beam  lithography  using  both  the  standard 
photoresist  polymethylmethacrylate  (PMMA)  and  a  novel 
new  resist — silicon  dioxide — that  is  both  fast  and  exhibits 
high  resolution  when  processed  with  the  proper  developers. 
In  addition,  we  will  look  at  some  novel  work  on  the  use  of 
the  scanning  probe  microscope  for  oxidation  lithography. 

2.  Nanolithography 

The  lithographic  process,  as  it  is  used  to  create  low¬ 
dimensional  systems,  is  really  composed  of  three  steps. 
These  are:  (i)  exposure  of  a  resist  material,  (ii)  development 
of  the  resist  material,  and  (iii)  pattern  transfer.  One  cannot 
address  any  of  these  three  steps  in  isolation,  since,  for 


Figure  1.  The  log  exposure  versus  dose  curves  for  a 
positive  (a)  and  negative  (b)  resist.  The  contrast  is  the 
maximum  slope  of  the  transition  region  as  defined  by 
equation  (1). 

example,  the  resolution  that  one  can  attain  in  a  given  resist 
depends  not  only  upon  the  inherent  resolution  of  the  resist 
material  (polymer  size,  etc),  but  also  on  the  actual  exposure 
that  is  used  and  the  development  procedure  and  chemistry 
that  is  used  to  fix  the  pattern  into  the  resist.  Finally,  pattern 
transfer  depends  upon  the  robustness  of  the  resist  to  the 
process  chemistry  involved  in  the  transfer  itself,  which 
may  vary  over  the  very  different  processes  ranging  from 
reactive-ion  etching  to  metal  deposition  and  lift-off. 

In  defining  the  resolution  of  a  resist,  the  most  common 
attribute  is  the  contrast  y,  which  is  defined  as 

y  =  |ln(Df/A)r1-  (1) 

Here,  for  a  positive  (negative)  resist,  D\  is  the  maximum 
(minimum)  dose  for  which  the  developed  resist  thickness 
is  unchanged  and  Df  is  the  minimum  (maximum)  dose  for 
which  the  developer  can  completely  remove  the  resist.  The 
magnitude  sign  arises  since  for  negative  resists  Df  <  Du 
while  for  positive  resists  Df  >  D\.  That  is,  in  a  negative 
resist,  the  unexposed  regions  are  removed,  while  in  a 
positive  resist  the  exposed  regions  are  removed  by  the 
developer.  This  difference  is  indicated  in  figure  1.  Since 
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Figure  2.  The  square  of  the  linewidth  obtained  with  electron-beam  exposure  of  PMMA  as  a  function  of  the  dose  for  (a)  15  K 
molecular  weight,  and  (b)  120  K  and  950  K  molecular  weights.  The  intercept  on  the  horizontal  axis  gives  the  critical  dose, 
while  the  slope  of  the  linear  part  of  the  curves  yields  the  value  for  a  discussed  in  the  text. 


most  resists  do  not  follow  an  ideal  curve,  y  is  usually 
taken  from  the  maximum  slope  of  the  dose  versus  exposure 
curve.  Most  high-resolution  e-beam  lithography  for  low¬ 
dimensional  systems  has  utilized  PMMA  as  the  resist  of 
choice.  In  our  group,  we  have  achieved  very  high  resolution 
in  PMMA  by  the  development  of  a  unique  combination  of 
the  standard  developers  methyl-isobutyl  ketone,  cellosolve 
and  methyl-ethyl  ketone  [11],  which  produces  y  >  11. 

3.  The  limits  of  PMMA 

The  polymeric  material  PMMA  (or  Plexiglass  as  it  is 
sometimes  known)  has  been  used  for  many  years  as  the 
high-resolution  resist  of  choice  in  high-resolution  electron- 
beam  lithography  [12].  As  mentioned,  this  has  allowed 
the  fabrication  of  ultrasmall  transistors  with  gate  lengths 
in  the  20-40  nm  range  [1^1, 13].  However,  it  is  generally 
felt  that  one  can  go  to  even  smaller  sizes.  The  intrinsic 
limit  in  PMMA  has  generally  been  thought  to  be  about 
10  nm  [14, 15],  although  recent  work  has  suggested  that 
lines  as  small  as  6  nm  are  possible  [16,17].  During  e- 
beam  irradiation,  the  long  chains  of  PMMA  are  fragmented 
into  smaller  chains,  which  are  later  dissolved  in  a  solvent 


(developer).  As  discussed  above,  there  are  several  factors 
in  evaluating  a  high-resolution  resist,  one  of  which  is  the 
properties  of  the  resist  and  developer.  A  second  factor  in 
the  resolution  achieved  is  the  properties  of  the  exposing 
beam  itself.  Here,  beam  diameter  is  not  the  limiting  factor. 
Rather,  the  electron  interaction  with  the  solid,  for  example 
the  forward-and  back-scattered  electrons,  contributes  to  the 
exposure.  Since  most  organic  compounds  are  affected  by 
electrons  with  energies  in  the  5  eV  range,  the  effects  of  the 
secondary  electrons  have  to  be  carefully  appraised. 

To  determine  the  distribution  of  electrons,  several 
experimental  studies  have  been  conducted,  usually  in  the 
form  of  resolution  tests  [14].  We  have  also  carried  out 
these  studies  in  order  to  probe  the  limiting  resolution 
of  PMMA.  The  normal  beam  cross  section  produces  a 
Gaussian  exposure  pattern,  which  may  be  written  as 

P(x)  ~  exp  (2) 

where  the  standard  deviation  a  describes  the  exposure 
latitude.  Broers  [14]  found  values  in  the  range  7. 8-9. 8  nm 
(corrected  for  the  factor  of  2  he  omitted  from  equation  (2)), 
and  concluded  that  the  minimum  linewidth  would  be  limited 
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Figure  3.  Resistance  of  an  in-plane  gated  quantum  wire 
produced  by  subsequent  pattern  transfer  during  RIE.  The 
top  part  shows  a  picture  of  the  wire  itself,  which  has  been 
defined  by  the  trench  etched  into  the  heterostructure. 

to  the  value  of  this  parameter.  In  figure  2,  we  show  the 
square  of  the  linewidth  obtained  with  40  kV  exposure,  as 
a  function  of  the  actual  dose  used,  for  molecular  weights 
varying  from  15  K  to  950  K  [17].  Usually,  the  heavier 
molecular  weight  is  used  in  the  belief  that  it  produces 
better  resolution.  Values  of  a  for  all  the  molecular  weights 
were  found  to  be  approximately  8  nm,  although  minimum 
linewidths  varied  from  about  15  nm  in  15  K  molecular 
weight  to  6-7  nm  in  950  K  molecular  weight. 

One  important  aspect  of  lithography  is  the  resultant 
pattern  transfer  that  must  be  done  following  exposure  and 
development  of  the  resist.  In  most  cases,  this  is  done 
by  lift-off  of  metal,  and  we  have  used  such  procedures 
to  fabricate  ultrasmall  gate  length  field-effect  transistors 
[1]  as  well  as  other  quantum  structures  such  as  surface 
superlattices  of  quantum  dot  arrays  [13,18].  Another 
procedure  is  to  use  the  mask  as  an  etch  mask  for  subsequent 
reactive-ion  etching  (RIE).  In  the  top  part  of  figure  3,  an 
in-plane-gated  quantum  wire  produced  by  this  method  is 
pictured,  in  which  thin  trenches  have  been  etched  into  the 
GaAs/AlGaAs  heterostructure.  The  advantage  of  in-plane 
gates  is  a  linear  variation  of  wire  width  with  gate  voltage, 
rather  than  square-root  variation  as  usually  obtained  with 


Magnetic  Frequency  (1/T) 


Figure  4.  Quantum  magnetotransport  in  a  ballistic  quantum 
dot  in  an  InGaAs  quantum  well  system.  The  fluctuating  part 
of  the  magnetoresistance  is  shown  in  (a)  with  the  actual 
in-plane  gated  device  above.  The  correlation  function  of 
the  fluctuations  is  plotted  as  an  inset  in  ( b )  along  with  the 
Fourier  transform  showing  the  single  strong  peak  with 
weaker  subsidiary  peaks. 


surface  Schottky  gates  [19].  We  have  used  such  structures 
to  study  the  role  of  edge  scattering  in  the  quantum  wires, 
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Figure  5.  The  etch  rate  of  Si02  in  hot  HF  vapour  for  a 
given  electron-beam  exposure  dose  is  plotted  for  a  40  kV 
exposure. 

since  when  the  wire  width  is  smaller  than  the  bulk  mean- 
free  path,  edge  scattering  dominates  and  produces  a  new 
mean-free  path  X  ~  aW,  where  W  is  the  wire  width.  By 
studying  the  resistance  shown  in  figure  3,  we  find  that  there 
is  a  clear  transition  to  edge  scattering  and  we  estimate  that 
a  is  about  3.4  for  these  wires. 

In  the  top  part  of  figure  4,  we  illustrate  another  quantum 
structure,  which  is  a  ballistic  quantum  dot  in  which  the 
transport  takes  place  in  an  InGaAs  quantum  well.  The 
resistance  fluctuations  shown  in  figure  4(a)  are  thought  to 
arise  from  the  interference  of  a  few  regular  orbits  which 
are  quantized  versions  of  the  persisting  classical  orbits  [20], 


The  correlation  function  of  the  fluctuations  is  shown  in  the 
inset  to  figure  4(b),  and  the  few  regular  periodic  oscillations 
persist  here  [21],  This  is  supported  by  the  existence  of 
only  a  few  sharp  frequencies  in  the  Fourier  transform  of 
figure  4(b).  In  chaotic  quantum  dots,  the  spectrum  is  rather 
broad  without  these  sharp  features.  Interference  is  thought 
to  occur  at  the  input  quantum  point  contact  [22,23],  with 
the  overall  conductance  determined  by  the  pair  of  point 
contacts. 

4.  Silicon  dioxide  as  a  high-resolution  resist 

There  has  been  early  work  on  the  use  of  silicon  dioxide 
as  a  resist  by  the  group  at  Cambridge  [24],  but  this  used 
electron-beam  damage  to  expose  the  resist,  which  required 
intense  dosages.  In  contrast,  through  the  use  of  a  high- 
temperature  HF  vapour  etch  as  a  developer,  it  is  possible 
to  use  SiC>2  as  a  high-resolution  resist  with  sensitivity 
comparable  to  PMMA  [25],  The  presence  of  surface 
hydrocarbons  and  the  high-temperature  HF  vapour  provide 
catalytically  enhanced  etching  for  the  development  process. 
Exposure  of  the  SiC>2  is  accomplished  either  by  electron- 
beam  irradiation  or  by  STM  exposure.  These  patterned 
films  can  then  be  used  as  masks  for  subsequent  processing 
and  pattern  transfer. 

Exposure  with  an  electron-beam  system  is  accom¬ 
plished  by  the  fixing  of  carbon  at  the  exposure  site,  and 
this  process  can  produce  a  positive  resist  with  lines  as  fine 
as  20  nm.  The  use  of  the  STM  for  exposure  has  demon¬ 
strated  even  higher  resolution,  with  features  as  small  as 
5  nm  being  developed  by  RIE  through  the  developed  SiC>2 
resist.  These  results  are  due  solely  to  the  presence  of  the 
hydrocarbon  pattern  created  by  the  electron  beam  and  not 
to  either  a  contamination  effect  or  to  oxide  damage.  In  fig¬ 
ure  5  the  etch  rate  of  the  SiC>2  for  a  given  exposure  dose 
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nu 


Figure  6.  Lines  of  CoSi2  formed  by  STM  exposure  of  Si02,  followed  by  hot  HF  development,  deposition  and  silicidation  of 
Co,  and  finally  removal  of  unreacted  Co  and  remaining  Si02. 
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Figure  7.  An  AFM  image  of  a  negative  pattern  in  a  Cr  film 
after  the  background  Cr  is  etched  away  in  a  standard 
etchant  leaving  the  low-dose  oxidized  regions.  The  oxide 
lines  are  100  nm  wide  and  are  separated  by  about  100  nm. 

is  plotted  for  a  40  kV  exposure.  The  etch  rate  is  sensi¬ 
tive  to  both  dose  rate  and  electron  beam  energy.  A  20  nm 
Au  line  has  been  produced  by  lift-off.  In  figure  6,  CoSi2 
lines  are  shown  that  have  been  produced  by  exposure,  de¬ 
position  of  a  Co  film,  silicidation  by  rapid  thermal  pro¬ 
cessing,  and  then  removal  of  the  remaining  Co  and  Si02. 
Continuous  lines  with  a  width  of  12—15  nm  have  been  fab¬ 
ricated  by  this  method,  although  individual  feature  sizes 
much  smaller  can  be  obtained.  More  recently,  the  use  of 
monolayer  Langmuir-Blodgett  films  as  a  source  for  the  C 
species  has  been  investigated. 

We  have  also  used  self-assembled  monolayers  of  n- 
octadecyltrichlorosilane,  hexadecanol,  myristic  acid  and 
undecylenic  acid  on  the  surface  of  the  Si02  thin  films 
as  a  more  robust  source  of  carbon  during  the  exposure 
process.  Infrared  analysis  of  these  monolayers  supports  the 
formation  of  a  carboxylic  acid  in  the  self-assembly  process 
by  the  hydrogen  bonding  coordination  of  the  acid  hydroxl 
group  to  surface  SiOH  bonds.  Experiments  comparing 
the  etching  behaviour  of  the  Si02  films  coated  with  these 
materials  and  directly  with  carboxylic  acids  supports  this 
result.  We  find  that  etching  is  not  initiated  by  the  backbone 
carbon  of  these  films  but  by  the  interfacial  carbon.  These 
films  provide  an  additional  layer  of  control  when  using 
the  Si02  films  for  the  resist  in  either  the  e-beam  or  STM 
patterning. 

5.  STM-based  lithography 

Early  in  the  development  of  the  scanning-tunnelling 
microscope  it  was  realized  that  the  atomic  resolution 
micrographs  that  were  being  obtained  suggested  that 
very  high  resolution  lithography  could  also  be  achieved. 
Surprisingly,  while  the  operating  voltage  is  much  smaller 
(5  V  versus  40  kV),  the  beam  currents  in  STM  lithography 
are  orders  of  magnitude  higher  than  the  normal  electron- 
beam  source,  and  the  STM  has  been  used  extensively  in 
this  arena.  At  ASU,  the  STM  has  been  used  to  expose 


resists  and  to  induce  selective  area  oxidation  of  both  Si  and 
Cr  structures  [26],  as  well  as  SijN4. 

Experiments  on  the  oxidation  of  Cr  are  usually  begun 
by  depositing  Cr  on  clean  Si  surfaces  in  an  high-vacuum 
environment.  Cr  was  selected  because  of  its  documented 
multistates  of  oxidation,  as  well  as  providing  a  conducting 
path  for  the  tunnelling  electrons.  The  Cr  surface  was  then 
modified  by  the  STM  patterning.  The  patterned  surface 
could  then  be  selectively  etched  to  produce  either  a  positive 
or  negative  pattern  (see  figure  7),  depending  upon  the 
dose  delivered  to  the  Cr  by  the  STM  tip.  That  is,  it 
was  found  that  a  low  dose  usually  meant  that  a  positive 
pattern  would  form,  while  a  high  dose  would  produce  a 
negative  pattern.  The  red  colour  and  water  solubility  of 
the  patterns  formed  with  a  high  dose  suggests  that  the  Cr 
has  been  oxidized  to  a  high  oxidation  state,  possibly  QO3. 
For  the  low-dose  modified  regions,  the  strong  chemical  and 
physical  properties  suggest  that  a  relatively  low  oxidation 
state  of  Cr  has  been  formed,  possibly  Cr203.  Auger 
electron  spectroscopy  of  the  modified  regions  supports  these 
conclusions.  In  figure  7,  a  pattern  formed  by  high-dose 
oxidation  of  the  Cr  film  is  illustrated. 

6.  Conclusions 

Nanolithography  can  be  used  to  define  critical  dimensions 
in  ultrasmall  structures  to  below  10  nm  by  a  variety  of 
approaches.  However,  one  cannot  simply  begin  with 
one  aspect  in  isolation;  rather,  the  proper  approach  must 
combine  exposure  tool,  resist,  development  and  pattern 
transfer  techniques  into  a  synergistic  methodology.  When 
this  is  done,  one  can  create  truly  novel  approaches  to 
microdevice  fabrication  [27]. 
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nanostructures 
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Abstract.  We  describe  a  simple  and  reliable  process  for  the  fabrication  of 
nanometre-scale  silicon  structures  by  using  the  local  electric  field  of  a  proximal 
probe  tip  (either  an  STM  or  a  conducting  tip  atomic  force  microscope)  to  write 
surface  oxide  patterns  by  local  anodic  oxidation.  These  oxide  patterns  can  be  used 
as  masks  for  selective  etching  to  transfer  the  pattern  into  the  substrate.  This 
process  has  been  used  to  fabricate  side-gated  Si  field  effect  transistors  with  critical 
features  as  small  as  30  nm.  Alternatively,  this  process  of  anodic  oxidation  can  be 
used  to  oxidize  completely  through  thin  metal  films  to  make  lateral 
metal-oxide-metal  tunnel  junctions. 


1.  Introduction 

Originally  developed  to  image  surfaces  with  atomic 
precision,  proximal  probes  such  as  the  scanning  tunnelling 
microscope  (STM)  and  the  atomic  force  microscope  (AFM) 
have  recently  been  found  capable  of  modifying  surfaces  at 
the  nanometre  scale  [1],  In  what  represents  the  ultimate 
limit  of  surface  patterning,  an  STM  has  been  used  to 
manipulate  and  position  single  atoms  on  a  surface  [2],  Such 
a  level  of  control  over  the  surface  suggests  that  proximal 
probes  may  be  useful  in  the  fabrication  of  nanostructures. 
Various  approaches  have  been  used  to  generate  patterns 
useful  for  device  fabrication,  including  STM  tip-induced 
current  exposure  of  polymeric  resists  [3],  direct  writing 
of  metal  patterns  on  a  surface  by  the  STM  tip-induced 
decomposition  of  an  organometallic  compound  [4]  or  by 
field  evaporation  of  metal  atoms  directly  from  a  STM 
tip  [5],  among  many  others.  However,  these  techniques 
have  suffered  from  numerous  problems,  including  low  write 
speeds  and  poor  reproducibility.  A  basic  difficulty  arises 
because  surface  patterns  generated  by  proximal  probes  are 
by  definition  thin,  and  hence  are  often  not  sufficiently  robust 
to  withstand  subsequent  processing  steps. 

In  particular,  the  exposure  of  polymeric  resists  (the 
standard  patterning  method  used  in  microelectronic  device 
fabrication)  by  use  of  an  electrically  biased  proximal  probe 
tip  will  be  limited  by  the  fact  that  (in  contrast  to  a  focused 
electron  beam)  a  biased  tip  separated  from  the  substrate 
surface  by  a  distance  equal  to  any  usable  thickness  of  resist 
(at  least  a  few  tens  of  nanometres,  but  often  considerably 
more)  is  a  divergent  point  source  of  current  or  electric 
field.  This  should  be  contrasted  with  an  STM  tip  in  true 
tunnelling  mode,  which  requires  a  tip-substrate  separation 
of  at  most  a  few  tenths  of  a  nanometre.  In  this  case  the 
strong  exponential  dependence  of  the  tunnelling  mechanism 
serves  to  sharpen  the  current  flow  and  renders  it  effectively 
convergent.  Therefore,  while  focused  electron  beams 
can  easily  expose  relatively  thick  layers,  biased  proximal 


probe  tips  cannot  do  so  without  sacrificing  resolution. 
Unfortunately,  thin  layers  of  resist  are  unsuitable  for  many 
standard  processing  steps,  including  metal  lift-off  (which 
usually  requires  a  sacrificial  resist  layer  several  times  the 
thickness  of  the  layer  to  be  patterned)  or  selective  etching 
(thin  resist  patterns  often  cannot  withstand  any  but  the 
most  selective  of  etch  techniques)  necessary  to  fabricate 
usable  structures.  What  is  therefore  needed  is  a  proximal 
probe-based  surface  modification  technique  which  produces 
a  thin  (for  high  resolution)  modified  layer  that  can  withstand 
pattern  transfer  techniques  to  produce  useful  nanostructures. 

2.  Proximal  probe-induced  local  oxidiation 

A  proximal  probe-based  surface  modification  technique  that 
shows  great  promise  is  voltage-induced  surface  oxidation. 
Early  work  on  this  was  done  by  Dagata  [6],  who  used 
an  STM  tip  operated  in  air  to  oxidize  local  regions  of 
a  hydrogen-passivated  Si  (111)  surface.  This  surface 
oxidation  process  is  attractive  because  the  local  oxide 
pattern  so  written,  which  can  be  as  thin  as  one  monolayer, 
is  distinct  from  the  substrate  from  the  standpoint  of  both 
chemical  and  electronic  properties. 

We  have  devised  a  method  to  utilize  such  surface  oxide 
patterns  to  fabricate  operating  nanometre-scale  devices. 
This  approach  uses  the  oxide  pattern  as  an  etch  mask  for 
selective  etching  of  the  pattern  into  the  underlying  substrate. 
This  process  requires  a  selective  etch  which  attacks  the 
substrate  material  not  protected  by  the  proximal  probe¬ 
generated  surface  oxide  pattern  but  does  not  etch  the  oxide 
pattern,  or  at  least  attacks  it  very  slowly  in  comparison 
with  the  underlying  material.  The  oxidation  process  is 
similar  to  that  of  Dagata  [6]  in  that  a  biased  proximal  probe 
tip  operating  in  air  locally  oxidizes  a  hydrogen-passivated 
silicon  surface.  However,  we  use  the  Si  (100)  surface 
instead  of  the  Si  (11 1)  used  by  Dagata  because  the  Si  (100) 
surface  etches  much  faster  in  certain  liquid  etches  than  does 
the  Si  (111),  thus  increasing  the  etch  selectivity. 
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Figure  1.  Schematic  diagram  showing  (a)  the  proximal 
probe  tip  locally  oxidizing  a  small  region  of  an  H-passivated 
Si  surface  and  (b)  use  of  this  oxide  pattern  as  a  mask  for 
selective  liquid  etching.  Liquid  etches  generally  have  etch 
rates  that  vary  with  crystal  direction,  and  thus  expose 
crystalline  planes  with  low  etch  rates.  As  these 
low-etch-rate  planes  are  exposed,  there  will  be  some 
undercutting  of  the  oxide  mask  (not  shown  in  the  diagram). 

Our  process  is  simple  and  reliable.  The  surface  of 
the  Si  (100)  is  first  immersed  in  a  weak  (~10%)  aqueous 
solution  of  HF  for  approximately  1  min  and  then  blown 
dry.  This  immersion  strips  the  native  oxide  layer  from  the 
surface  and  replaces  it  with  a  monolayer  of  hydrogen.  This 
hydrogen  monolayer  terminates  all  the  dangling  surface 
bonds  and  renders  the  surface  chemically  stable.  The 
surface  will  remain  passivated  over  a  period  of  days  or 
longer,  although  exposure  to  heat  or  certain  chemicals  such 
as  hydrocarbons  can  destroy  the  passivation  and  expose 
the  surface  to  reoxidation  in  air.  The  passivated  silicon  is 
then  ready  for  selective  oxidation  with  a  scanning  proximal 
probe  (either  an  STM  [7]  or  a  conducting  tip  AFM  [8]). 
As  shown  in  figure  1(a),  the  application  of  a  bias  of 
a  few  volts  between  tip  and  passivated  silicon  surface 
creates  a  high  local  electric  field  which  in  air  induces 
anodic  oxidation  of  the  surface  in  the  immediate  vicinity 
of  the  tip.  The  oxide  thickness  is  primarily  a  linear 
function  of  tip  bias,  producing  a  few  angstroms  of  oxide 
per  volt  of  tip  bias.  The  oxide  thickness  can  therefore 
be  easily  and  reliably  controlled  over  the  range  from  one 
monolayer  up  to  several  nanometres.  Lower  humidity 
generally  gives  narrower  lines,  but  at  humidity  much  below 
~20%  it  is  difficult  to  write  an  oxide  pattern.  This  humidity 
dependence  demonstrates  that  water  vapour  is  necessary  for 
the  oxidation  process.  In  air  the  smallest  oxide  patterns  we 
have  been  able  to  write  are  ~10  nm  diameter  dots  and 


~10  nm  wide  oxide  lines.  This  resolution  limit  of  ~10  nm 
in  air  appears  to  be  set  not  by  intrinsic  tip  sharpness  but  by 
the  need  for  a  certain  minimum  level  of  ambient  humidity. 

While  this  tip-induced  oxidation  can  be  performed 
with  an  STM  [7],  there  are  several  advantages  to  using 
instead  a  conducting  tip  AFM  [8],  With  STM,  the  tip 
bias  is  required  both  for  the  oxidation  mechanism  and  for 
feedback  control  of  the  imaging.  With  AFM,  however, 
the  imaging  is  done  by  applied  force  as  measured  by  the 
deflection  of  the  cantilever  supporting  the  tip.  The  imaging 
mechanism  for  AFM  (contact  force)  is  thus  independent  of 
the  oxidation  mechanism  (tip  bias).  This  implies  that  with 
a  conducting  tip  AFM  one  can  image  an  oxidized  pattern 
with  the  same  tip  used  to  do  the  oxidation  without  fear  of 
further  oxidation.  With  an  STM,  imaging  of  an  oxidized 
pattern  must  be  done  carefully  in  order  not  to  oxidize  the 
surface  further.  Many  commercially  available  AFM  tips 
are  not  electrically  conducting.  We  have  found  that  a 
30  nm  thick  layer  of  titanium  deposited  on  the  AFM  tip  by 
electron  beam  evaporation  will  render  such  tips  electrically 
conducting.  The  Ti  film  is  mechanically  strong  enough  to 
withstand  repeated  scanning  for  imaging  without  abrading 
or  tearing,  and  can  also  tolerate  the  voltages  necessary 
for  oxidation  without  melting  or  vaporizing.  These  failure 
modes  are  common  with  other  metal  coatings  such  as  Au 
and  Pt.  We  attribute  the  robust  nature  of  the  Ti  tips  to  a  thin 
surface  oxide  that  forms  in  the  surface,  which  allows  the 
application  of  electrical  bias  but  prevents  significant  current 
flow  from  the  tip.  We  detect  no  measurable  current  flow 
during  the  oxidation  process.  The  oxidation  mechanism 
is  therefore  mediated  by  the  strong  local  electric  fields 
generated  by  the  biased  tip  and  not  by  a  large  electronic 
current  flow  from  the  tip. 

Both  the  H-passivated  Si  surfaces  and  the  oxide  patterns 
written  on  them  as  described  above  are  quite  stable  and  can 
last  without  pattern  degradation  for  several  days  in  air  with 
normal  handling  (provided  they  are  not  exposed  to  heat  or 
chemical  contamination  such  as  hydrocarbons).  The  oxide 
patterns  can  be  used  as  an  etch  mask  for  pattern  transfer 
into  the  silicon,  as  illustrated  in  figure  1(b).  There  exist 
several  liquid  etches  that  etch  silicon  but  not  its  oxides,  or 
etch  its  oxides  very  slowly.  Two  such  etches  are  hydrazine 
and  aqueous  solutions  of  KOH.  Hydrazine  is  completely 
selective  against  etching  even  a  single  monolayer  of  oxide 
and  (although  highly  toxic  and  flammable)  is  hence  useful 
for  deep  etching  using  thin  oxide  masks.  KOH  solutions 
do  attack  oxides  of  silicon,  but  at  rates  several  orders  of 
magnitude  below  the  rate  at  which  it  attacks  silicon  [9]. 
This  selectivity  of  KOH  is  sufficient  for  all  but  the  deepest 
of  etches  with  the  thinnest  of  oxide  masks.  These  and 
similar  liquid  etches  do  not  etch  vertical  sidewalls  but 
expose  those  crystalline  planes  with  low  etch  rates,  as 
shown  in  figure  \(b).  In  order  to  get  vertical  sidewalls, 
directionally  selective  gas  etches  must  usually  be  employed. 

3.  Device  fabrication 

In  order  to  fabricate  useful  devices  (for  example,  narrow 
conducting  wire  channels  and  the  more  complex  structures 
such  as  transistors  that  can  be  made  from  them)  the 
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Figure  2.  AFM  gray-scale  image  of  an  oxide  line  written 
between  two  metal  contact  pads.  The  imaging  was  done 
immediately  after  the  pattern  was  written  by  the  same  tip 
used  to  write  the  pattern.  Although  the  oxide  pattern  is  only 
2  nm  high  by  50  nm  wide,  it  is  clearly  visible  by  AFM.  Any 
breaks  or  defects  can  be  repaired  before  pattern  transfer 
by  selective  etching. 

completed  devices  must  be  electrically  isolated  from  the 
substrate.  The  oxide  patterning  and  etching  described  above 
must  therefore  be  done  on  a  thin  layer  of  Si  sitting  on  an 
insulating  layer.  For  this  purpose  we  use  SIM  OX,  which  is 
formed  by  ion  implanting  a  bulk  silicon  wafer  with  a  heavy 
dose  of  oxygen  and  annealing  it  to  form  a  buried  layer  of 
Si02  sandwiched  between  a  thin  surface  Si  layer  and  the 
bulk  of  the  Si.  The  formation  and  electrical  properties  of 
SIMOX  are  discussed  in  detail  elsewhere  [10]. 

The  first  step  is  to  pattern  on  the  surface  of  the  SIMOX 
wafer  by  standard  optical  lithography  and  lift  off  large 
metal  bond  pads  and  ohmic  contacts  with  fingers  extending 
down  to  the  relatively  small  (~10  p,m  x  ~10  /urn)  active 
region  to  be  patterned  by  proximal  probe.  The  surface  of 
the  sample  is  next  passivated  with  dilute  HF  as  described 
above.  The  sample  is  then  mounted  in  the  proximal  probe 
for  patterning.  Because  of  the  many  advantages  that  an 
AFM  offers  over  a  STM  for  this  type  of  patterning  (in 
particular  the  ability  to  image  without  exposure),  we  prefer 
for  this  step  a  conducting  tip  AFM,  as  described  above. 

An  AFM  image  is  next  taken  of  the  active  area  between 
the  contact  fingers.  This  image  is  used  to  register  the  tip  to 
the  active  area  to  be  patterned.  To  write  the  oxide  pattern 
for  (as  an  example)  an  isolated  conducting  wire  between 
two  contacts,  the  tip  is  first  moved  to  one  of  the  pads,  the 
oxidizing  bias  (a  few  volts,  usually  in  the  range  of  2  to  8  V, 
tip  negative  with  respect  to  the  sample)  is  turned  on,  and  the 
tip  is  scanned  (typical  scan  speed  is  1-10  /xm  s_1,  although 
write  speeds  of  1  mm  s_I  or  higher  should  be  possible  [8]) 
from  one  pad  to  the  other  to  define  the  wire  pattern.  Upon 
reaching  the  other  contact  pad,  the  oxidizing  bias  is  then 


Figure  3.  AFM  image  of  the  source-drain  channel  and 
side  gate  of  an  Si  FET  patterned  by  AFM  and  etched  in 
hydrazine. 

turned  off.  At  this  point  the  oxide  pattern  of  the  wire  can 
be  imaged  for  accuracy  and  continuity.  Figure  2  shows 
an  AFM  image  of  an  oxide  line  written  between  two  pads. 
The  imaging  was  done  immediately  after  the  pattern  was 
written  by  the  same  tip  used  to  write  the  pattern.  The  metal 
contact  fingers  are  20  nm  high  by  2  gm  wide,  while  the 
oxide  pattern,  although  only  2  nm  high  by  50  nm  wide,  is 
clearly  visible.  Any  defects  in  the  pattern  can  be  found  and 
repaired  before  the  pattern  is  transferred  by  etching  to  form 
the  silicon  wire.  A  common  defect  is  incomplete  oxidation 
in  the  region  where  the  wire  joins  the  contact  finger,  which 
will  arise  if  the  tip  rides  over  the  edge  of  the  contact  finger 
too  abruptly  and  does  not  provide  sufficient  exposure  at  the 
joining  point.  It  is  a  trivial  matter  to  find  these  defects  and 
repair  by  additional  oxidation  the  appropriate  areas  before 
the  pattern  is  etched. 

The  etching  is  done  with  warm  (70  °C)  hydrazine. 
Hydrazine  is  preferable  in  this  case  to  KOH  because  K 
contamination  may  affect  the  electrical  properties  of  the  Si- 
SiC>2  interface.  The  hydrazine  etches  all  the  H-passivated 
Si  surface  but  not  that  masked  by  the  AFM-grown  oxide 
pattern  or  protected  by  the  contact  and  finger  metal  patterns. 
The  underlying  SIMOX  oxide  acts  as  an  etch  stop.  The  net 
result  in  etching  the  pattern  shown  in  figure  2  will  be  an  Si 
wire  connected  between  two  contact  pads  and  resting  on  an 
insulating  layer  of  Si02,  which  itself  rests  on  an  underlying 
Si  layer.  Wires  fabricated  by  this  technique  are  electrically 
conducting  and,  because  they  rest  on  a  layer  of  Si02,  an 
appropriate  voltage  applied  to  the  underlying  Si  layer  can 
drive  the  wire  into  accumulation,  depletion  or  inversion, 
thus  giving  independent  control  over  the  conductance  and 
carrier  type  of  the  wire  [11], 

The  conducting  wire  between  two  pads  is  the  simplest 
transport  structure  that  can  be  made  and  is  the  basic  building 
block  for  more  complex  devices.  A  side-gated  field  effect 
transistor  (FET)  can  be  made  from  the  wire  pattern  in 
figure  2  by  adding  a  side  gate  consisting  of  a  wire  that 
connects  to  a  third  contact  pad  and  approaches  (but  does 
not  touch)  the  source-drain  channel  (the  wire  between  the 
two  pads).  Figure  3  shows  an  AFM  image  of  a  completed 
side-gated  FET  structure  fabricated  by  this  process.  The 
source-drain  channel  wire  and  side  gate,  both  resting  on 
the  SIMOX  Si02  layer,  are  clearly  visible.  The  source- 
drain  channel  wire  is  ~200  nm  wide  by  40  nm  high.  The 
side  gate  has  similar  dimensions  but  is  separated  from  the 
source-gate  channel  by  60  nm. 
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Figure  4.  Source-drain  current  versus  source-drain  • 
voltage  for  various  gate  biases  for  a  side-gated  Si  FET 
fabricated  by  AFM. 

Because  the  source-drain  channel  of  such  devices  has 
such  a  small  cross-sectional  area,  the  channel  conductance 
is  quite  small,  even  for  relatively  heavily  doped  material 
(typical  doping  is  1015-1017  cm-3,  n-type).  The  application 
of  an  accumulating  bias  to  the  substrate  as  described  above 
can  significantly  raise  the  conductance  of  the  source-drain 
channel.  The  side  gate  can  then  be  used  to  modulate 
the  channel  conductance  by  depleting  the  channel  and 
restricting  the  current  flow  from  source  to  drain.  Figure  4 
shows  the  transistor  characteristic  of  a  device  similar  in 
structure  to  that  shown  in  figure  3  (channel  width  is  300  nm, 
channel  height  is  200  nm,  doping  is  1017  cm-3  n-type) 
backgated  +40  V  into  accumulation  and  depleted  by  a 
single  side  gate  [7].  The  side  gate  bias  ranges  from  0  V 
to  —6  V  in  —1  V  steps.  Operating  transistors  with  source- 
drain  wires  as  thin  as  40  nm  and  narrow  as  30  nm  with  gate- 
channel  separations  as  small  as  25  nm  have  been  fabricated 
by  this  technique.  Such  small  devices  can,  by  backgating 
into  accumulation,  achieve  currents  as  high  as  5  x  10“7  A 
[12]. 

These  techniques  can  be  used  to  fabricate  other  types  of 
devices.  Recently,  an  otherwise  conventional  large-scale  Si 
MOSFET  was  fabricated,  in  which  a  0. 1  gm  gate  made  of 
amorphous  hydrogenated  Si  was  defined  by  AFM-induced 
oxidation  and  dry  etching  [13].  Dry  rather  than  liquid 
etching  was  used  to  etch  the  amorphous  silicon  gate  because 
the  lack  of  crystalline  structure  precludes  the  well-defined 
etch  profiles  achieved  with  liquid  etches  on  single-crystal 
material.  Other  materials  such  as  GaAs  can  be  patterned 
by  depositing  a  thin  film  of  Si  which,  when  patterned  and 
etched,  acts  as  a  resist  to  pattern  the  underlying  substrate 
[14]. 

4.  Recent  developments  and  future  directions 

The  techniques  described  above  use  the  anodic  oxide 
pattern  written  by  the  proximal  probe  as  an  etch  mask 
to  transfer  the  pattern  into  the  substrate.  An  alternative 
approach  is  to  use  the  oxide  pattern  directly  as  an 
active  element  of  the  device  structure.  Sugimura  et  al 


[15]  demonstrated  tip-induced  anodic  oxidation  of  thin  Ti 
films.  Matsumoto  et  al  used  a  conducting  tip  AFM  to 
oxidize  completely  through  thin  Ti  films  and  thus  produce 
lateral  metal-oxide-metal  junctions  [16].  More  recently, 
Matsumoto  et  al  used  these  Ti-TiO*  lateral  junctions  to 
fabricate  a  single-electron  tunnelling  device  that  shows 
Coulomb  blockade  effects  at  room  temperature  [17],  The 
smallest  TiOx  patterns  were  of  the  order  of  20-30  nm 
wide,  which  is  roughly  comparable  with  the  minimum  size 
achieved  by  oxidizing  and  etching  Si  as  described  above. 
In  order  to  reach  sizes  below  this  scale,  a  more  controlled 
approach  will  be  needed. 

We  have  added  additional  control  to  the  above  process 
by  monitoring  the  electrical  resistance  of  the  Ti  film  in 
situ  during  the  selective  oxidation  [18].  By  measuring 
the  resistance  of  Ti  wire  (starting  width  ~2  gm  wide  by 
7  nm  thick)  as  its  width  was  being  effectively  reduced 
by  conducting  tip  AFM  oxidation  and  by  terminating  the 
oxidation  when  the  appropriate  resistance  (and  hence  the 
desired  width)  was  reached,  we  were  able  to  produce 
conducting  Ti  wires  as  narrow  as  ~5  nm.  This  same 
technique  of  in  situ  measurement  and  feedback  control 
of  resistance  allows  us  to  form  Ti-TiOj-Ti  junctions  of 
precisely  controlled  resistance.  This  process  of  in  situ 
measurement  and  control  of  electrical  properties  should 
allow  the  fabrication  of  devices  with  critical  dimensions 
below  10  nm,  a  region  in  which  operating  characteristics 
will  depend  critically  upon  geometry  but  for  which  control 
of  these  characteristics  by  controlling  geometry  alone  would 
be  extremely  difficult. 

To  achieve  resolution  down  to  1  nm  and  below, 
one  will  most  likely  have  to  go  into  a  more  controlled 
environment  than  ambient.  Lyding  et  al  [19]  recently 
used  an  STM  operating  in  UHV  to  depassivate  selectively 
a  H-passivated  Si  surface  and  so  write  1  nm  wide  lines 
of  depassivated  surface  on  a  3  nm  pitch.  Exposure  of 
similar  patterns  to  atomic  hydrogen  has  produced  oxide 
lines  on  an  8  nm  pitch  [19].  These  results,  along  with 
the  atomic-level  resolution  already  achieved  by  proximal 
probe  imaging  and  single-atom  manipulation,  suggest  that 
proximal  probe  lithography  may  soon  achieve  the  ultimate 
limit  of  atom-by-atom  control  of  device  fabrication.  While 
the  above  results  have  all  been  achieved  with  a  single  tip 
writing  serially,  recent  progress  in  the  micromachining  of 
multiple  AFM  tips  on  a  single  chip  offer  the  possibility  of 
eventually  writing  multiple  patterns  in  parallel  [20],  The 
integration  of  a  large  number  of  independent  AFM  tips 
on  a  single  chip  may  eventually  make  massively  parallel 
AFM  lithography  an  attractive  candidate  for  large-scale 
commercial  nanofabrication  in  the  size  regimes  well  below 
the  limits  of  optical  and  perhaps  electron  beam  lithography. 
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Abstract.  We  have  used  an  ultra-high-vacuum  (UHV)  scanning  tunnelling 
microscope  (STM)  to  image  C60  molecules  adsorbed  on  a  Si(1 11)  7x7  surface.  At 
low  coverage  (~  0.01  monolayers)  molecules  are  adsorbed  at  random  sites.  For 
coverages  close  to  a  monolayer  they  are  partially  ordered  in  a  hexagonal 
arrangement.  Second-  and  higher-layer  islands,  in  which  the  C6o  molecules  are 
clearly  resolved,  are  observed  at  higher  coverage.  These  islands  may  be  desorbed 
by  annealing  in  the  range  200-300=0,  leaving  an  Si  surface  terminated  by  a  C60 
monolayer.  This  surface  is  stable  to  exposure  to  air  and  immersion  in  water.  In 
addition,  recent  work  on  manipulation  of  C60  molecules  at  various  coverages  is 
reviewed  and  results  relating  to  tip  alignment  in  UHV  are  discussed. 


The  use  of  scanning  probe  microscopes  as  tools 
for  patterning  surfaces  offers  a  means  of  fabricating 
experimental  device  structures  which  have  an  active  region 
comparable  with  single  atoms  or  molecules.  There  are 
several  different  ways  of  using  the  tip  of  a  scanning 
tunnelling  microscope  (STM)  to  pattern  a  surface.  In  the 
first  demonstration  of  atomic-scale  modification  by  Becker 
et  al  [1]  an  atom  was  transferred  from  tip  to  substrate  by 
applying  a  voltage  pulse.  The  most  celebrated  example 
of  atomic  manipulation  was  achieved  by  exploiting  the 
attractive  force  between  an  STM  tip  and  an  Xe  atom  to  drag 
an  atom  across  a  metal  surface  [2].  In  this  and  subsequent 
work  [3]  low-temperature  operation  and  a  metal  substrate 
were  used.  Another  notable  example  of  STM  modification 
is  H  desorption  from  the  hydrogen-passivated  Si  surfaces. 
This  desorption  results  in  local  chemical  changes  such  as  a 
change  in  surface  reconstruction  [4, 5]  for  UHV  operation 
or  oxide  formation  for  ambient  operation  [6,7], 

We  have  recently  conducted  a  series  of  experiments 
with  the  objective  of  extending  the  atomic  and  molecular 
manipulation  techniques  described  in  [2]  and  [3]  to 
room-temperature  operation  and  the  use  of  semiconductor 
substrates.  At  the  outset  of  this  work  it  was  not  clear  that 
there  would  be  a  suitable  combination  of  adsorbate  and 
substrate  which  would  have  a  sufficiently  strong  interaction 
that  the  arrangement  of  molecules  would  remain  stable 
at  room  temperature,  but  would  be  sufficiently  weak  for 
the  molecules  to  be  moved  by  the  STM  tip.  C6o  on 
Si(lll)  7  x  7  was  identified  as  a  promising  combination 
by  Li  et  al  [8]  on  the  basis  of  STM  results,  and  also 
by  a  number  of  theoretical  groups  [9, 10].  In  fact,  we 
have  found  that  C6o  adsorbed  on  Si(lll)  7x7  fulfils 
these  requirements.  However,  we  believe  that  in  our 
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experiments  the  interaction  between  tip  and  molecule  is 
repulsive,  in  contrast  to  the  attractive  forces  which  control 
low-temperature  STM  manipulation  of  inert  gas  atoms  [2). 
We  also  draw  attention  to  more  recent  work  by  Jung  et 
al  on  manipulation  of  porphyrin  derivatives  on  a  metallic 
substrate  [11]. 

The  Si  samples  for  our  experiments  were  cut  from 
a  p-type  Si(lll)  wafer  (resistivity  >  1  ST  cm).  After 
loading  into  a  UHV  system  (base  pressure  1CT10  Torr), 
the  samples  were  outgassed  overnight  and  flash  annealed 
at  1200  °C  for  1-2  min  to  form  a  7  x  7  reconstruction  on 
the  sample  surface.  C6o  is  deposited  from  a  Knudsen  cell 
at  a  rate  of  ~  2  monolayers  per  hour.  The  Si  is  held  at 
room  temperature  for  the  deposition,  and  also  for  STM 
[12]  imaging  and  manipulation.  We  use  W  tips  which 
are  electrochemically  etched  from  polycrystalline  wire  and 
heated  in  UHV  by  electron  bombardment. 

Cfio  manipulation  may  be  achieved  simply  by  scanning 
at  an  appropriate  voltage,  V,  applied  to  the  sample  and 
tunnel  current,  /,  while  maintaining  feedback  control  of  the 
current,  i.e.  in  the  normal  imaging  mode.  This  is  illustrated 
in  figure  1,  which  shows  two  40  nm  x  40  nm  images  of 
C6o  absorbed  on  Si(lll)  7x7  taken  with  V  =  —2.5  V 
and  I  =  -0.1  nA.  The  C6o  molecules  are  the  bright 
topographic  features  in  the  image.  The  Si  atoms  of  the 
7x7  reconstruction  are  also  clearly  resolved.  Between 
the  acquisition  of  these  images  a  20  nm  x  20  nm  STM 
image  was  acquired  (scan  direction  parallel  to  the  horizontal 
axis  of  the  image)  with  V  =  —1.5  V  and  /  =  0.1  nA.  A 
reduction  in  the  potential  difference  between  tip  and  sample 
will  result  in  a  reduction  in  the  tip-sample  separation.  The 
area  covered  by  this  intermediate  scan  is  identified  by  the 
white  square  in  figure  1.  It  is  clear  that  the  C(,o  molecules 
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Figure  1.  (a)  40  nm2  scan  showing  initial  arrangement  of 
molcules  prior  to  reduced  bias  (sample  voltage  -1.5  V, 

0.1  nA,  20  nm2)  scan  in  centre  of  image — denoted  by  the 
white  square.  The  scan  parameters  (sample  voltage, 
current)  were  (a)  -2.5  V  and  0.1  nA.  ( b )  40  nm2,  -2.5  V 
and  0.1  nA  scan  showing  reordering  of  molecules  in  central 
region  as  a  result  of  a  single  20  nm2  scan  at  -1 .5  V  and 
0.1  nA. 


outside  this  white  square  are  unaffected  by  the  intermediate 
scan  but  many  of  those  within  the  square  have  been  moved. 
This  type  of  manipulation,  which  we  have  found  difficult  to 
reproduce,  results  in  re-randomization  of  the  arrangement  of 
C6o  molecules  and  was  first  reported  by  Maruno  et  al  [13]. 
We  have  not  observed  a  dependence  of  the  rearrangement 
on  scan  direction. 

In  order  to  manipulate  molecules  in  a  more  controlled 
manner  we  have  used  the  cycle  of  tip  movements  shown 


Figure  2.  A  schematic  diagram  showing  the  manipulation 
procedure  used  in  positioning  individual  C6o  molecules  on 
the  Si(1 11)7x7  surface. 


schematically  in  figure  2.  The  tip  is  first  positioned  close 
to  a  C6o  molecule  which  is  to  be  moved.  The  tip- 
sample  separation  is  reduced  by  adjusting  I  and  V  while 
maintaining  feedback  control.  The  tip  is  moved  parallel 
to  the  surface  and  then  retracted  by  readjusting  the  values 
of  I  and  V.  It  is  then  returned  to  its  initial  position.  For 
our  experimental  arrangement  it  is  difficult  to  position  the 
tip  directly  behind  the  molecule  and  therefore  we  typically 
sweep  out  a  number  of  parallel  lines  separated  by  0.6  nm. 
This  procedure  results  in  movement  of  the  Cgo  molecule 
with  a  success  rate  which  varies  from  10-50%.  An  example 
of  such  movement  is  shown  in  figures  3 (a)-(c).  The  tip  is 
first  positioned  at  the  cross  in  figure  3(a)  and  the  sweeping 
procedure  is  applied.  This  results  in  movement  of  the 
uppermost  Qo  molecule  as  is  clear  from  a  comparison 
with  figure  3(b).  The  sweeping  procedure  is  then  applied 
again,  resulting  in  further  movement  of  the  molecule 
(see  figure  3(c)).  Each  of  the  displacements  between 
figures  3(a),  ( b )  and  (c)  occurred  after  a  single  application 
of  the  manipulation  procedure,  although  there  were  also 
several  (typically  two  to  five)  unsuccessful  applications 
of  the  procedure.  Typically  we  find  that  the  molecule 
does  not  move  through  the  full  extent  of  the  tip  excursion 
during  the  manipulation  procedure.  For  the  movements 
between  figure  3(a)-(c),  the  tip  is  moved  by  6  nm  but  the 
resulting  displacements  of  the  C6o  are  2-3  nm.  The  Cgo 
is  often  displaced  at  an  angle  (typically  ~  30°)  to  the  tip 
displacement.  This,  together  with  the  observation  that  there 
are  few  instances  of  C6o  adhesion  to  the  tip,  is  suggestive  of 
a  repulsive  interaction  between  tip  and  molecule.  We  have 
also  attempted  to  move  molecules  with  a  positive  sample 
bias,  but  have  found  that  this  produces  a  significant  degree 
of  damage  in  the  substrate  surface  due  to  the  removal  of  Si 
adatoms. 

We  have  used  sequences  of  this  procedure  to  move 
molecules  along  two  orthogonal  directions  to  create  simple 
patterns  [14].  Flowever,  this  is  rather  time  consuming 
and  we  have  investigated  using  this  sweeping  technique  to 
create  patterns  in  a  different  way.  For  this  experiment  we 
use  a  higher  coverage  of  C6o  (~  0. 1  monolayer)  and  rather 
than  attempt  to  position  individual  molecules  at  special  sites 
we  try  to  remove  C6o  from  a  particular  area.  A  typical 
result  is  shown  in  figures  4(a)-(c).  This  is  achieved  by 
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Figure  3.  Controlled  movement  of  a  single  C60  molecule 
on  the  Si(1 11)  (7  x  7)  surface.  The  figures  are  STM 
topographic  images  with  sample  voltage  -2.0  V  and  tunnel 
current  -1  nA.  The  sweeping  parameters  were  -0.4  V  and 
-4  nA.  The  molecule  in  the  upper  right  section  of  (a)  is 
induced  to  move  approximately  4  nm  in  the  positive  x 
direction,  as  shown  in  ( b ),  and  subsequently  a  further  3  nm, 
resulting  in  the  arrangement  of  molecules  shown  in  (c). 

The  letter  x  marks  the  bottom  left  corner  of  the  6  nmx  6  nm 
area  swept  out  by  the  tip  in  repositioning  the  C60  molecule. 


Figure  4.  (a)  30  nm2  scan  showing  arrangement  of 
molecules  after  six  applications  of  the  sweeping  procedure 
in  the  lower  left  of  the  image.  ( b )  30  nm2  scan  showing 
arrangement  of  molecules  after  a  further  14  applications  of 
the  sweeping  procedure,  (c)  60  nm2  scan  showing  a 
16  nm2  region  cleared  of  C80  molecules  after  a  total  of  31 
applications  of  the  sweeping  procedure.  Sweeping 
parameters  (sample  voltage,  current):  -0.4  V  and  4  nA. 
Scan  parameters  (sample  voltage,  current):  +2.0  V,  0.1  nA. 
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repeated  application  of  our  manipulation  procedure.  A 
comparison  of  figure  4(a)  and  ( b )  shows  that  the  molecules 
in  the  upper  half  of  figure  4(a)  remain  unchanged  when 
the  manipulation  procedure  is  applied  in  the  lower  half 
of  the  image.  In  contrast,  the  molecules  in  the  bottom 
half  of  the  image  have  been  moved  towards  the  right- 
hand  side  where  they  form  a  cluster.  Figure  4(c)  shows 
a  lower-magnification  image  in  which  the  area  cleared  of 
Cgo  is  shown  clearly.  The  local  density  per  unit  area 
of  Cgo  molecules  is  much  greater  at  the  right-hand  side 
of  the  cleared  region.  The  7x7  reconstruction  of  the 
Si  surface  is  resolved  in  figures  4(a)-(c),  and  damage 
to  the  surface  during  manipulation  is  minimal.  We  have 
recently  repeated  this  work  using  a  higher  coverage  of  Cgo 
(~  0.25  monolayers).  For  this  coverage,  a  continuous 
linear  cluster  of  Cgo  with  a  width  of  order  2-3  nm  and 
length  40  nm  is  formed  [15].  An  attraction  of  this  approach 
as  compared  with  positioning  individual  molecules  is  that 
it  takes  a  few  minutes  rather  than  a  few  hours.  It  is 
conceivable  that  by  using  this  technique  nanostructures 
could  be  fabricated  using  molecular  manipulation  which 
could  have  dimensions  ranging  from  1  nm  up  to  several 
100  nm,  which  is  comparable  with  features  formed  using 
conventional  lithographic  techniques. 

Figures  5(a)  and  ( b )  show  STM  images  after  a  total 
coverage  of  ~2  monolayers  of  Cg0  has  been  deposited. 
We  find  that  a  complete  partially  ordered  monolayer  of 
Cgo  is  formed  and  then  islands  of  second  and  third  layers 
are  formed  with  a  high  degree  of  hexagonal  order.  In 
figure  5(a)  the  terrace  steps  of  the  underlying  Si  may 
be  resolved.  The  darkest  contrast  level  is  the  monolayer 
coverage,  the  small  bright  areas  are  third-layer  islands 
and  the  intermediate  contrast  level  regions  are  second- 
layer  islands.  A  higher-magnification  image  shown  in 
figure  5(b)  reveals  that  two  domains  of  hexagonal  ordering 
with  principal  axes  ±11°  with  respect  to  those  of  the 
Si.  Such  double  domain  ordering  was  proposed  for  thick 
Cgo  layers  by  Xu  et  al  [16]  who  proposed  that  the  first 
monolayer  was  absorbed  at  random  sites  and  was  therefore 
disordered.  They  further  proposed  that  an  order-disorder 
transition  took  place  during  the  growth  of  subsequent 
layers.  Chen  et  al  [17]  showed  that  there  was  some  short- 
range  order,  even  in  the  first  layer,  but  our  experiments 
show  that  the  order  can  extend  over  domains  of  width 
several  tens  of  nanometres.  Note  that  the  nearest-neighbour 
Cgo  separation  in  the  double  domain  structure  corresponds 
closely  to  that  observed  in  bulk  Cgo  and  so  higher  layers  of 
C60  may  be  incorporated  in  well  ordered  hexagonal  layers. 

After  annealing  a  sample  with  the  surface  structure 
shown  in  figure  5(b)  in  the  range  200-300  °C  for  1- 
30  min,  we  find  that  the  second-  and  third-layer  islands  are 
desorbed,  leaving  a  monolayer  termination  which  retains 
the  double  domain  ordering.  This  presumably  means  that 
second  and  subsequent  C60  layers  are  bonded  rather  weakly 
to  the  first  monolayer.  However,  the  first  monolayer  is 
bonded  much  more  strongly  to  the  underlying  Si.  The 
Cgo  monolayer  therefore  provides  a  surface  coating  which 
interacts  rather  weakly  with  subsequent  absorbate  layers. 

To  investigate  the  stability  of  the  Cgo  monolayer- 
terminated  Si(lll)  7  x  7  we  have  exposed  samples  to 


Figure  5.  (a)  150  nm2  scan  of  multilayer  coverage  of  C6o 
on  the  Si(11 1)  7x7  surface.  Dark  regions  correpond  to  the 
complete  first  monolayer,  mid-tone,  to  patches  of  second 
layer,  and  the  brightest  contrast  regions  are  third-layer 
islands.  Detail  of  Si  steps  can  be  seen  running  from  the 
upper  right  of  the  image  to  the  lower  left  region.  ( b )  60  nm2 
scan  of  the  surface  shown  in  (a)  showing  a  second-layer 
island  on  top  of  the  first  monolayer.  The  thick  dark  lines 
show  a  principal  axis  for  each  domain.  Scan  parameters 
(sample  voltage,  current):  +3.5  V  and  0.1  nA. 


atmosphere  for  up  to  30  min  and  immersed  them  in  water 
for  up  to  1  min.  This  treatment  would  result  in  complete 
corruption  of  the  Si(l  1 1)  7  x  7  surface.  In  contrast,  the  C60 
monolayer  appears  to  completely  inhibit  chemical  attack 
of  Si(lll)  7x7  and  thus  acts  to  passivate  the  Si  surface. 
Note  that  thick  C60  layers  have  previously  been  shown  to 
passivate  Si  [18]  and  Al  [19]  surfaces.  Typical  results  are 
shown  in  figure  6.  Figures  6(a)  and  6(b)  show  large-  and 
small-area  STM  scans  of  a  sample  which  has  been  exposed 
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Figure  6.  (a)  500  nm2  scan  of  a  single  monolayer  absorbed  on  the  Si(111)  7x7  surface  which  has  been  exposed  to 
atmosphere  for  1  min.  Scan  parameters  (sample  voltage,  current):  +3.5  V  and  0.1  nA.  (b)  50  nm2  scan  of  a  single 
monolayer  adsorbed  on  the  Si(1 11)7x7  surface  which  has  been  exposed  to  atmosphere  for  30  min,  and  then  annealed  at 
260  =C  for  60  min.  Double  domain  ordering  of  the  C6o  molecules  is  observed.  Scan  parameters  (sample  voltage,  current): 
-3.5  V  and  0.1  nA.  (c)  400  nm2  scan  of  a  single  monolayer  on  the  Si(1 11)  surface  following  a  30  s  dip  in  deionized  water. 
Scan  parameters  (sample  voltage,  current):  +3.5  V  and  0.1  nA.  (d)  30  nm2  scan  of  the  surface  shown  in  (c)  following  a 
260  °C  anneal  for  15  min.  Again,  double  domain  ordering  of  the  first  monolayer  can  be  seen  indicating  that  the  (7  x  7) 
reconstruction  of  the  Si  is  maintained.  Scan  parameters  (sample  voltage,  current):  +3.0  V  and  0.2  nA. 


to  atmosphere  for  1  min.  This  sample  has  been  annealed 
in  UHV  at  ~  200  °C  for  15  min  prior  to  imaging. 

In  the  large-area  image  Si  terraces  are  clearly  resolved, 
while  in  figure  6(b)  individual  Cgo  molecules  are  resolved 
which  are  ordered  in  the  double  domain  structure  discussed 
above.  Note  that  the  double  domain  ordering  of  the  C6o 
molecules  is  directly  related  to  the  position  of  the  Si 
adatoms  of  the  underlying  7  x7  reconstruction.  Observation 
of  double  domain  ordering  therefore  shows  that  the 
underlying  7x7  reconstruction  of  the  Si  surface  remains 
intact.  Note  that  STM  images  acquired  without  annealing 
also  show  this  hexagonal  ordering  but  image  quality  is 
rather  poor  due,  we  believe,  to  physisorbed  material  on 
the  surface.  Similarly,  figures  6(c)  and  ( d )  show  that 
the  C6o  molecules  and  Si  terraces  can  be  resolved  even 
after  immersion  in  deionized  water  for  1  min  at  room 
temperature.  Thus  the  C6o  monolayer  inhibits  chemical 
attack  by  both  water  and  atmospheric  oxygen. 


Finally,  we  address  a  point  which  is  sometimes 
neglected  in  discussions  on  UHV/STM  modification.  This 
relates  to  the  problem  of  locating  specific  sites  on  a 
surface.  This  is  generally  rather  difficult  since  access  for 
optical  microscopy  is  usually  limited.  One  solution  is  to 
incorporate  the  STM  in  a  scanning  electron  microscope 
(SEM)  [20],  although  this  also  has  drawbacks  in  terms  of 
ease  of  construction  and  possible  corruption  of  surfaces. 
As  an  alternative,  we  have  developed  an  alignment  strategy 
based  on  the  use  of  registration  marks  formed  using  electron 
beam  and  optical  lithography.  These  registration  marks 
may  be  etched  or  formed  by  lift-off  of  metal  overlayers. 
Figure  1(a)  shows  an  SEM  image  of  some  etched  marks 
while  figure  1(b)  shows  STM  images  of  the  same  area. 
Note  that  this  central  4  fim  x  4  /im  square  has  been 
located  on  a  5  mm  x  5  mm  Si  sample.  The  Si  in  this 
case  is  a  (100)  wafer,  offcut  by  4°  towards  (001).  It  is 
interesting  to  note  that  after  flash  annealing  we  observe  Si 
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Figure  7.  A  series  of  images  to  demonstrate  the  formation 
and  use  of  alignment  marks.  The  top  figure  shows  an  SEM 
micrograph  of  a  series  of  alignment  marks  wet  etched  in  a 
Si(100)  (misaligned  by  4:  towards  the  (001)  direction) 
surface.  These  marks  were  formed  using  electron  beam 
lithography.  The  central  region  is  a  square  of  side  4  /urn. 
The  middle  image  is  a  montage  of  several  STM  images, 
each  of  which  covers  an  area  2.5  x  2.5  pm2.  In  addition 
each  of  the  images  has  been  differentiated  to  highlight  the 
etched  marks.  Scan  parameters  are  sample  voltage  -4  V, 
0.1  nA.  The  lowest  image  is  taken  using  the  STM  (sample 
voltage  2  V,  0.23  nA,  20  nm  x  20  nm)  and  shows  the 
Si(100)  surface  following  flash  annealing  at  1200  =C.  Dimer 
rows  are  clearly  resolved  in  this  image. 


dimer  rows  forming  a  2  x  1  reconstruction  and  terrace  steps 
zig-zagging  across  the  surface  (the  preferred  terrace  step  is 
oriented  along  [110]).  An  STM  image  of  this  surface  is 
shown  in  figure  7(c).  This  means  that  the  formation  of 
registration  marks  which  requires  coating  the  sample  with 
resist  is  compatible  with  the  formation  of  clean  Si  surfaces. 

Our  results  have  shown  that  it  is  possible  to  manipulate 
C6o  molecules  on  Si(lll)  7  x  7  and  form  nanometre 
scale  clusters.  In  addition  we  have  shown  that  C6o 
can  act  to  chemically  passivate  Si(lll)  7  x  7.  We 
are  optimistic  that  these  results,  in  conjunction  with  our 
alignment  techniques,  will  be  developed  further  to  fabricate 
experimental  structures  with  an  active  region  on  an  atomic 
or  molecular  scale. 
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High  spatial  resolution  spectroscopy 
of  single  semiconductor 
nanostructures 
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Abstract.  Low-temperature  near-field  scanning  optical  microscopy  is  used  for  the 
first  time  in  spectroscopic  studies  of  single,  nanometre  dimension,  cleaved  edge 
overgrown  quantum  wires.  A  direct  experimental  comparison  between  a 
two-dimensional  system  and  a  single  genuinely  one-dimensional  quantum  wire 
system,  inaccessible  to  conventional  far-field  optical  spectroscopy,  is  enabled  by 
the  enhanced  spatial  resolution.  We  show  that  the  photoluminescence  of  a  single 
quantum  wire  is  easily  distinguished  from  that  of  the  surrounding  quantum  well. 
Emission  from  localized  centres  is  shown  to  dominate  the  photoluminescence  from 
both  wires  and  wells  at  low  temperatures.  A  factor  of  three  oscillator  strength 
enhancement  for  these  wires  compared  with  the  wells  is  concluded  from  the 
photoluminescence  excitation  data.  We  also  report  room-temperature  spectroscopy 
and  dynamics  of  single  CdSe  nanocrystals.  Photochemistry,  trap  dynamics  and 
spectroscopy  are  easily  determined. 


1.  Introduction 

Modem  epitaxial  growth  techniques  allow  thickness  control 
of  one  molecular  layer.  This  dimensional  precision  has 
enabled  a  wide  variety  of  fundamental  and  applied  physics 
studies.  Optoelectronics  based  on  very  thin  layers  of 
semiconductor  heterostructures,  such  as  quantum  wells 
(QWs),  in  which  carriers  are  confined  to  two  dimensions 
(2D),  are  now  dominant  for  many  commercial  applications. 
In  an  attempt  to  gain  further  from  the  reduction  of 
dimensionality,  a  world-wide  research  effort  to  bring  ID 
quantum  structures  such  as  quantum  wires  (QWRs)  and  OD 
quantum  structures  such  as  quantum  dots  to  the  same  degree 
of  perfection  achieved  in  the  2D  quantum  systems  has 
been  under  way  during  the  last  decade  [1],  The  principal 
barrier  to  progress  is  achievement  of  adequate  uniformity 
in  the  second-  or  third-dimensional  confinements.  While 
there  is  no  substitute  for  dimensional  uniformity,  we  show 
that  restriction  of  the  measurements  to  single  quantum 
wires  or  single  quantum  dots  permits  understanding  of  the 
quantum  physics  not  possible  for  study  of  ensembles.  We 
discuss  in  turn  low-temperature  near-field  scanning  optical 
microscopy,  (NSOM)  of  single  GaAs  quantum  wires,  and 
room-temperature  confocal  scanning  optical  microscopy  of 
chemically  synthesized  CdSe  quantum  dots. 

2.  Single  GaAs  quantum  wires 

Among  the  most  promising  ways  to  achieve  dimensional 
uniformity  in  ID  structures  is  cleaved  edge  overgrowth 
(CEO)  [2],  This  technique  utilizes  two  orthogonal 
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directions  of  epitaxial  growth,  exploiting  the  precision 
of  layer  thickness  control  to  form  uniform  intersecting 
planes  of  semiconductor.  Two  different  CEO  quantum  wire 
systems  have  been  fabricated  and  studied: 

(i)  Strained  layer  QWRs  (SQWRs)  in  which  confine¬ 
ment  to  ID  is  produced  by  one-dimensional  pseudomor- 
phic  strain  [3].  This  strain  is  induced  in  the  (1 10)-oriented 
cleaved  edge  QW  by  a  (lOO)-oriented  strained  layer  QW. 

(ii)  T-shaped  QWRs  (TQWRs)  in  which  quantum 
confinement  to  ID  is  produced  along  the  intersection  line 
between  the  planes  of  a  (lOO)-oriented  QW  and  that  of  a 
(1 10)-oriented  cleaved  edge  overgrown  QW  [4],  The  lateral 
dimensions  of  single  QWRs  produced  by  this  technique  are 
somewhat  uncertain,  but  comparable  to  the  dimensions  of 
the  intersecting  QW  layers  from  which  they  are  formed. 

Since  both  wire  structures  are  formed  by  perturbation 
of  quantum  wells,  these  wires  are  surrounded  by  the 
QW  from  which  they  are  formed.  Study  of  single 
CEO  QWRs  requires  care  to  ensure  the  unambiguous 
separation  of  wire  and  well  spectroscopy.  Far-field 
optical  spectroscopy,  which  has  been  the  most  common 
tool  for  the  characterization  of  2D  structures,  suffers 
a  substantial  obstacle  [5].  The  probed  volume  of  a 
QW  is  orders  of  magnitude  larger  than  the  probed 
volume  of  a  QWR.  The  QWR  spectral  features  are 
probably  obscured  by  or  attributed  to  QW  features.  We 
show  here  that  the  enhanced  spatial  resolution  of  low- 
temperature  near-field  scanning  optical  microscopy  (LT- 
NSOM)  surmounts  this  obstacle,  permitting  unambiguous 
single  QWR  studies.  There  is  substantial  existing 

1569 


T  D  Harris  et  al 


spectroscopic  data  on  multiple  and  arrays  of  CEO  QWRs 
[3, 4, 6-8].  The  added  clarity  of  probing  a  single 
wire  structure  is  considerable,  since  heterogeneity  and 
carrier  and  electromagnetic  field  interactions  between 
neighbouring  wires  are  eliminated.  We  report  here  low- 
temperature  near-field  imaging  spectroscopy  of  the  first 
CEO  system,  SQWRs. 

3.  Experiment 

The  low-temperature  NSOM  microscope  used  for  this  study 
is  described  in  detail  elsewhere  [9],  This  system  was  used 
previously  for  studies  of  multiple  ‘T’  quantum  wires.  We 
describe  here  only  modifications  made  to  the  system  in 
order  to  allow  simultaneous  excitation  and  collection  in 
the  near  field,  required  for  the  study  of  single  wires  [10]. 
All  the  data  reported  here  used  excitation  and  collection 
with  the  same  aluminium-coated,  tapered  fibre  probe  at 
a  sample  temperature  of  4  K.  The  excitation  radiation 
was  launched  to  the  fibre  from  a  computer-controlled 
Ti:sapphire  laser.  To  minimize  both  mode  and  amplitude 
intensity  fluctuations  and  permit  polarization  control,  an 
intensity  stabilizer  (‘noise  eater’)  and  quarter-  and  half¬ 
wave  plates  were  inserted  between  two  separate  sections 
of  the  Coming  850  nm  single-mode  fibre  used  for  our 
NSOM  probes.  Fusion  spliced  into  the  second  section 
of  the  fibre  is  a  3dB  two-way  splitter.  It  provides  a 
convenient  means  of  simultaneously  monitoring  the  light 
sent  to  the  probe,  and  detecting  the  light  collected  by 
the  probe.  In  order  to  excite  and  detect  through  the 
same  tip,  efficient  discrimination  between  excitation  and 
emitted  light  is  required.  Elastically  scattered  light  is 
efficiently  filtered  by  a  triple  spectrometer.  The  fibre 
used  in  this  study  had  no  significant  fibre  fluorescence 
for  the  relevant  excitation  wavelength  (700-800  nm).  We 
thus  attribute  the  background  light  to  Raman  scattering 
within  the  fibre  itself.  This  background  light  is  highly 
structured  and  typically  one  to  two  orders  of  magnitude 
larger  than  the  photoluminescence  (PL)  signal  collected 
by  the  tip  (diameter  >  200  nm)  and  strongly  polarized 
parallel  to  the  exciting  radiation.  By  careful  adjustment 
of  retardation  plates  in  both  the  excitation  and  detection 
channels,  extinction  ratios  of  sample  luminescence  to 
background  of  as  much  as  three  orders  of  magnitude  could 
be  achieved.  This  extinction  was  stable  in  time  and  it 
allows  for  reliable  discrimination  against  the  background. 
The  light  emitted  around  the  fibre  tip  was  collected  by 
a  reflecting  objective  contained  within  the  cryostat.  The 
collimated  light  from  this  objective  was  directed  to  a  second 
monochromator  equipped  with  a  CCD  camera,  allowing 
simultaneous  monitoring  of  the  entire  emission  spectrum 
from  the  sample  in  both  the  near  and  far  fields. 

The  CEO  sample  used  for  this  study  is  schematically 
described  in  figure  1.  In  the  first  growth  step,  molecular 
beam  epitaxy  (MBE)  was  used  to  grow  five  strained 
Ino.ioGao.9o As  QWs  of  300,  150,  75,  38  and  18  A 
respectively,  on  a  (lOO)-oriented  GaAs  substrate.  The 
strained  QWs,  are  separated  by  1.0  /rm  thick  layers  of 
GaAs  and  capped  by  a  2  /nm  thick  GaAs  layer.  The 
sample  was  then  thinned,  scribed  and  mounted  in  a  second 
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Figure  1 .  Schematic  diagram  of  the  CEO  sample  structure. 
The  (100)  InGaAs  QW  separation  is  1.0  /nm,  with  the  fibre 
tip  drawn  to  this  scale  to  illustrate  the  expected  resolution. 


MBE  machine.  It  was  cleaved  during  growth,  thus 
exposing  a  (llO)-facet,  onto  which  the  following  layers 
were  grown  in  succession:  200  A  Alo.3Gao.7As,  80  A, 
GaAs,  200  A  Alo.3Gao.7As,  35  A  GaAs,  200  A  Alo.3Gao.7As 
and  50  A  GaAs.  On  the  original  substrate  (110)  face 
are  thus  formed  10  single  SQWRs,  one  wire  in  each 
of  two  (110)  QWs,  for  each  of  the  five  (100)  strained 
InGaAs  QWs.  Low-temperature  cathodoluminescence  (CL) 
was  used  previously  to  show  that  emission  from  the 
AlGaAs/GaAs  (110)  QWs  is  red  shifted  directly  above 
the  strained  layers.  Here,  using  NSOM  spectroscopy,  we 
overcome  two  major  disadvantages  of  CL:  (i)  the  loss  of 
spatial  resolution  due  to  the  large  diffusion  length  (~1  /nm) 
of  the  high  excess  energy  cathodo-excited  carriers  and  (ii) 
the  lack  of  excitation  energy  tunability. 

Two  modes  of  data  acquisition  were  used:  PL  spectral 
images  are  generated  by  fixing  the  excitation  energy  and 
recording  a  PL  spectrum  for  1-5  s  at  each  tip  position. 
A  large  four-dimensional  ( x ,  y,  X,  I)  data  set  is  thus 
generated.  Alternatively,  at  a  single  tip  position  (image 
pixel  —x,  y),  emission  intensity  integrated  over  a  selected 
spectral  range  is  recorded  as  a  function  of  the  excitation 
energy. 

4.  Results 

In  figure  2(a).  we  show  four  PL  spectra  which  were 
selected  from  the  441  near-field  spectra  generated  in  a 
21  x  21  pixel  scan  of  a  2.5  x  2.5  fx m  square  region 
of  the  CEO  SQWR  sample.  The  spectra  are  vertically 
displaced  for  clarity.  In  each  spectrum  a  sharp  spectral  line 
is  observed.  These  lines  arise  from  carrier  recombination 
within  the  (lOO)-oriented  strained  InGaAs  QWs.  The 
spectrum  marked  ‘1’  results  from  recombination  in  the  18  A 
strained  QW  and  the  lines  marked  2,  3  and  4  result  from 
recombination  within  the  38,  75  and  150  A  strained  QWs 
respectively.  The  PL  line  from  the  300  A  strained  QW  is 
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Figure  2.  (a)  Single-pixel  PL  spectra  from  an  NSOM 
image.  If  the  emission  intensity  is  integrated  over  the 
shaded  wavelength  interval  the  four  fixed  wavelength 
emission  images  shown  in  ( b )  result.  Images  are 
numbered  from  the  spectra  indicating  the  wavelength 
interval.  Broken  lines  are  drawn  to  mark  the  position  of  the 
InGaAs  strained  QWs  and  transferred  to  figure  3(b). 


not  seen  in  figure  2  since  this  QW  was  outside  the  spatial 
range  of  this  image. 

In  figure  2(b)  we  show  the  four  selective  wavelength 
PL  images  associated  with  the  spectral  lines  of  figure  2(a). 
The  images  are  obtained  by  integrating  the  PL  emission 
over  the  wavelength  interval  marked  in  gray  on  figure  2(a). 
The  images  are  overlaid  by  a  contour  plot  where  each  full 
line  represents  a  10%  change  in  the  emission  intensity. 
The  images  are  numbered  in  accordance  with  the  spectral 
domains  from  figure  2(a).  These  images  allow  an  accurate 
determination  of  the  spatial  source  for  each  spectral  feature. 
The  position  of  the  (lOO)-orientcd  strained  18,  38,  75  and 
150  A  InGaAs  QWs  is  clearly  identified  by  these  images. 
We  have  marked  these  positions  by  the  bold  broken  lines 
on  the  images,  for  later  reference. 

In  figures  3(a)  and  3(b)  we  show  PL  spectra  and 
fixed  wavelength  images  for  recombination  associated  with 
the  80  A  (1 10)-oriented  GaAs/AlGaAs  QW  for  the  same 
scan  area  as  for  figure  2.  The  four  broken  bold  lines 
of  figure  3(b)  mark  the  position  of  the  strained  (100)- 
oriented  InGaAs  QWs  as  determined  from  figure  2(b). 
The  uppermost  spectrum  in  figure  3(a)  is  dominated  by  a 
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Figure  3.  (a)  Single-pixel  PL  spectra  from  the  same  area 
as  figure  2(b)  for  a  wavelength  near  the  80  A  (110)  QW. 

( b )  Fixed-wavelength  images  for  the  shaded  intervals 
shown  above. 


spectral  line  which  peaks  at  793  nm.  This  PL  emission  line 
is  typical  of  the  (llO)-oriented  CEO  80  A  GaAs/AlGaAs 
QW  as  verified  by  far-field  spectroscopy  in  this  work 
and  previous  studies  [3,7,8],  This  spectrum  is  from  a 
pixel  midway  between  the  38  and  75  A  strained  QW.  The 
image  clearly  shows  that  the  spatial  origin  of  this  emission 
strongly  anticorrelates  with  the  positions  of  the  strained 
QWs,  peaking  between  them.  The  lower  three  spectra  in 
figure  3(a)  originate  from  pixels  above  the  three  strained 
QWs.  The  spectral  line  marked  2  arises  above  the  18  A 
strained  QW  and  the  lines  marked  3  and  4  originate  above 
the  75  and  150  A  QWs  respectively.  The  fixed  wavelength 
images  of  these  spectral  lines  strongly  correlate  with  the 
spatial  position  of  the  (lOO)-oriented  strained  InGaAs  QWs, 
as  can  be  seen  in  figure  3(b).  There  can  be  no  doubt  that  the 
strain  field  of  the  underlying  (100)  InGaAs  layers  perturbs 
the  (110)  GaAs  QW  and  shifts  its  emission  to  lower  energy 
relative  to  the  emission  from  the  unperturbed  QW.  This 
perturbation  affects  the  semiconductor  band  structure  only 
directly  above  the  strained  InGaAs  QWs,  and  thus  along 
a  very  well  defined  direction  in  the  (1 10)-oriented  QW 
plane.  This  direction  defines  the  SQWR  where  carriers 
are  confined  to  narrow  stripes  within  the  (1 10)-oriented 
GaAs  QW  plane.  The  three  lower  PL  spectra  in  figure  3(a) 
are  thus  assigned  to  carrier  recombination  within  the  single 
SQWRs.  The  magnitude  of  these  shifts,  as  large  as  20  meV 
for  the  150  A  SQWR  from  both  the  80  and  35  A  (110)- 
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Figure  4.  Near-field  PL  (full  curve)  and  PLE  (dotted  curve) 
spectra  of  the  80  A  (1 10)  QW  and  the  150  A  x  80  A 
SQWR.  A  two-Gaussians  model  fit  used  to  determine  the 
relative  intensity  is  shown  by  the  broken  line. 


1  urn 

Figure  5.  Photoluminescence  emission  image  of  4  nm 
CdSe  crystallites  excited  at  532  nm.  Resolution  is 
determined  by  the  1.4  NA  oil  immersion  objective  used  in 
this  scanning  confical  microscopy  image.  Detection  is  with 
a  silicon  avalanche  photodiode. 


oriented  QWs  (the  latter  is  not  discussed  in  this  study), 
is  in  agreement  with  previous  measurements  using  far- 
held  optics  and  a  large  array  of  QWRs  [3,7,8],  As 
expected,  the  magnitude  of  the  shift  scales  with  the  width 
of  the  strained  layer  which  determines  the  dimension  of 
the  lateral  confinement  [11].  Another  demonstration  of  the 
confinement  to  ID  can  be  readily  seen  in  the  images  of 
figure  3(b)  and  the  spectra  of  figure  3(a).  We  note  that  both 
the  PL  images  and  the  near-field  PL  spectra  (sharp  spectral 
‘spikes’)  clearly  indicate  that  the  emission  from  both  the 
QWs  and  QWRs  originate  from  fully  (0D)  localized  centres 
[12],  It  is  clearly  seen  that  the  near-field  PL  spectra  from 
the  QWRs  are  broader  and  have  a  greater  number  of  sharp 
spectral  lines  than  that  of  the  QW.  This  difference  obtains 
from  the  limitation  of  carrier  diffusion  in  one  of  the  lateral 
dimensions. 

In  figure  4  we  show  the  PL  (full  curve)  and  PLE  (broken 
curve)  spectra  of  the  150  A  SQWR  and  the  (1 10)-oriented 
80  A  GaAs  QW  from  a  position  between  the  strained 
(lOO)-oriented  InGaAs  QWs.  As  discussed  above,  both  the 
excitation  and  collection  are  through  the  NSOM  tip.  The 
all  near-field  PLE  spectrum  of  the  (110)  CEO  GaAs  QW 
is  indistinguishable  from  the  far-field  PLE  spectrum  (not 
shown).  We  use  the  similarities  to  verify  that  background 
light  originating  in  the  fibre  was  correctly  subtracted.  The 
excitonic  transitions  associated  with  the  first  heavy-hole 
excitons  (HH1)  and  the  first  light-hole  exciton  (LH1)  are 
marked  in  figure  4.  The  5  meV  Stokes  shift  between 
the  HH1  transition  measured  in  PLE  and  that  measured 
in  PL  is  typical  of  (110)-oriented  QWs  [13].  Since  the 


NSOM  tip,  3000  A  diameter,  is  far  larger  than  the  SQWR, 
carrier  diffusion  from  the  well  to  the  wire  cannot  be 
avoided.  Consequently  all  the  spectral  features  associated 
with  QW  absorption  are  seen  in  the  PLE  spectrum  of  the 
SQWR.  The  spectral  feature  centred  at  799  nm  in  the 
PLE  spectrum  of  the  SQWR  is  at  a  lower  energy  than  the 
QW  band  edge  and  thus  can  only  be  assigned  to  SQWR 
absorption.  With  a  few  reasonable  assumptions,  the  data 
of  figure  4  can  be  used  to  experimentally  test  for  the  first 
time  the  prediction  of  enhanced  oscillator  strength  for  QWR 
structures  [14].  We  assume  that  all  photogenerated  carriers 
up  to  a  tip  radius  diffuse  to  recombine  in  the  SQWR. 
This  assumption  is  supported  by  the  spectra  and  images 
of  figure  3.  There  is  negligible  emission  from  the  QW 
when  the  tip  is  positioned  directly  over  a  QWR.  Since 
the  magnitudes  of  PL  emission  from  the  SQWRs  and  the 
QW  are  comparable,  non-radiative  recombination  can  be 
reasonably  ignored.  Thus  the  ratio  of  QW  and  QWR 
oscillator  strength  can  be  measured  by  comparing  the  peak 
area  of  the  lowest  energy  transition  of  the  QW  to  that  of 
the  SQWR  as  observed  in  the  PLE  spectrum  of  the  SQWR, 
correcting  for  the  geometric  area  of  the  two  structures.  The 
QW  to  SQWR  area  ratio  under  the  tip  is  approximately 
20:1,  while  the  QW-QWR  PLE  intensity  ratio  is  roughly 
6:1  as  determined  by  the  two-Gaussians  model  fit  to  the 
data  shown  in  figure  4.  A  factor  of  three  enhancement  in 
the  absorption  of  the  wire  with  respect  to  that  of  the  well  is 
thus  determined.  This  demonstration  of  the  increase  in  the 
QWR  oscillator  strength  is  in  agreement  with  theoretical 
estimations  [14]. 
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Figure  6.  Upper  panel:  photoluminescence  spectra  of 
several  particles  compared  with  a  spectrum  of  a  large 
number.  Lower  panel:  sequential  time  record  of  photon 
arrival  times  for  one  particle  in  the  image  of  figure  5. 
Non-exponential  statistics  characterize  the  dynamics  at 
both  long  and  short  times. 


Spectroscopy  of  single  semiconductor  nanostructures 

traps  is  currently  under  study.  Variation  of  temperature  and 
excitation  density  will  permit  determination  of  both  trap  en¬ 
ergetics  and  kinetics  of  state  crossing. 

This  measurement  strategy  allows  unambiguous  deter¬ 
mination  of  the  effect  of  surface  passivation  chemistry.  Dif- 
ferentation  of  trapping  probability  versus  trap  depth  and 
lifetime  is  greatly  simplified  by  single-particle  studies.  The 
observation  of  simultaneous  spectral  shifts,  not  visible  for 
ensembles,  and  increased  trapping  times  reveals  that  chem¬ 
ical  evolution  is  the  primary  avenue  for  particle  stabiliza¬ 
tion.  Repetition  of  the  measurement  in  inert  atmospheres 
will  immediately  reveal  the  role  of  internal  chemical  sta¬ 
bility. 

6.  Conclusion 

Using  NSOM  spectroscopy,  we  produced  photolumines¬ 
cence  and  photoluminescence  excitation  spectra  of  single 
quantum  wires  for  the  first  time.  The  spatial  position 
of  strained,  cleaved  edge  overgrown  (110)  quantum  wires 
is  coincident  with  the  underlying  strained  (100)  quantum 
wells,  and  the  magnitude  of  the  SQWR  energy  shift  scales 
with  this  (100)  QW  width.  From  the  near-field  PLE  spec¬ 
trum  we  estimate  a  factor  of  three  oscillator  strength  en¬ 
hancement  for  this  semiconductor  quantum  wire  relative  to 
a  comparable  QW.  Using  room-temperature  scanning  con- 
focal  microscopy  we  are  able  to  study  the  excited  state 
decay  dynamics  of  single  nanometre  dimension  CdSe  crys¬ 
tallites.  Unique  insight  is  gained  for  measurements  of  single 
entities  compared  to  ensembles. 


5.  CdSe  single  quantum  dots 

Recently,  single-molecule  characterization  has  been  rev¬ 
olutionized  by  NSOM  and  CSOM  (confocal  scanning 
optical  microscopy)  [15-17],  We  show  here  recent 
room-temperature  studies  of  chemically  synthesized  CdSe 
nanocrystals  [18].  Heterogeneity  has  been  a  particu¬ 
larly  difficult  barrier  to  understanding  the  photophysics  of 
nanocrystals.  In  figure  5  we  show  an  image  of  3.5  nm 
CdSe  nanocrystals  dispersed  onto  a  polymer-coated  silica 
cover-slip.  Since  lateral  resolution  is  ~0.3  /zm,  the  diffrac¬ 
tion  limit,  coverage  is  adjusted  to  give  appropriate  particle 
separation.  Details  of  the  instrumentation  were  described 
previously  as  were  sample  preparation  procedures  [17,  18]. 
We  show  here  preliminary  spectroscopy  and  dynamics  to 
illustrate  the  advantage  of  this  experimental  strategy.  In 
figure  6  we  show  representative  spectra  and  photoemis¬ 
sion  dynamics  of  one  CdSe  particle.  The  PL  spectrum 
line  width  is  typically  half  the  ensemble  line  width  for  the 
best  available  samples.  Even  more  dramatic  is  the  shift  to 
high  energy  with  time.  The  most  immediate  interpretation 
is  that  the  particle  is  undergoing  photochemistry,  probably 
oxidation,  yielding  a  smaller  particle  with  time.  The  pho¬ 
tochemistry  is  also  reflected  in  the  emission  dynamics.  The 
emission  time  record  shows  alteration  of  the  trap  dynam¬ 
ics.  The  emission  decay  time  is  typically  20  ns.  However, 
there  is  clear  evidence  of  a  long-lived  trap  state  which  re¬ 
sults  in  millisecond  long  ‘dark’  periods.  The  nature  of  the 
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Abstract.  Growth  and  lateral  charge  transport  properties  of  thin  (d  =  20-30  A)  Bi 
films  are  investigated  with  scanning  tunnelling  microscopy.  Bismuth  is  deposited  at 
7  =  140  K  onto  the  cleaved  (110)  surface  of  an  InP-based  heterostructure.  Growth 
at  low  temperature  is  kinetically  limited  and  leads  to  strained,  metastable 
overlayers.  After  annealing  to  300  K  the  Bi  surface  consists  of  atomically  flat 
terraces  separated  by  12  A  deep  holes.  We  find  that  prolonged  injection  of  a  high 
lateral  current  promotes  significant  changes  in  surface  morphology  which  are 
attributed  to  a  strain  relaxation  process  mediated  by  electromigration.  Scanning 
tunnelling  potentiometry  is  applied  to  probe  the  local  response  of  the  semimetal 
overlayers  to  the  injected  lateral  current.  The  observed  potential  distribution 
provides  evidence  for  both  phonon  and  defect  scattering.  At  the  position  of  holes 
and  grain  boundaries  we  find  typically  2-4  mV  high  potential  steps.  It  is  argued 
that  these  steps  indeed  reflect  a  localized  increase  of  the  film  resistance  and 
cannot  be  attributed  to  tip-convolution  artefacts. 


1.  Introduction 

The  scanning  tunnelling  microscope  (STM)  has  evolved 
into  a  powerful  and  flexible  experimental  tool  which 
provides  insights  into  a  broad  variety  of  atomic-scale 
processes  on  metal  and  semiconductor  surfaces  [I],  STM- 
based  experiments  aimed  at  investigating  charge  transport 
in  low-dimensional  structures  fall  into  two  different 
categories.  Studies  on  perpendicular  transport  across  small 
barriers,  clusters  or  constrictions  use  the  tunnelling  current 
as  the  source  for  the  transport  process.  The  excellent 
spatial  confinement  of  the  tunnelling  current  makes  it 
possible  to  probe  structures  down  to  the  atomic  scale. 
Information  on  the  specific  interactions  which  characterize 
the  transport  process  is  reflected  in  the  dependence  of  the 
conductivity  across  the  nanostructure  on  the  applied  bias 
voltage.  Examples  for  such  experiments  are  the  observation 
of  single-electron  tunnelling  in  double  barrier  structures  [2], 
and  the  investigation  of  quantized  conduction  across  small 
wires  pulled  with  the  STM  tip  [3],  Thanks  to  the  small  size 
of  the  investigated  structures  both  studies  succeed  in  finding 
evidence  of  quantum  transport  even  at  room  temperature.  In 
addition,  the  project  on  quantum  wires  nicely  demonstrates 
how  the  STM  can  be  employed  to  both  fabricate  and  probe 
a  nanostructure. 

||  Experiments  performed  at:  IBM,  T  J  Watson  Research  Center, 
Yorktown  Heights,  NY  10598,  USA 
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The  second  group  of  transport-related  experiments 
with  an  STM  concentrates  on  lateral  transport  in  planar 
structures.  Here  the  source  current  for  the  sample  under 
investigation  is  supplied  via  external  contacts  while  the 
STM  tip  probes  the  local  electrochemical  surface  potential 
with  almost  atomic  lateral  resolution.  This  scanning 
tunnelling  potentiometry  (STP)  technique  was  introduced 
by  Muralt  and  Pohl  to  study  charging  effects  in  granular 
Au  films  [4].  The  same  authors  applied  STP  for  cross- 
sectional  imaging  of  a  GaAs/AlGaAs  heterostructure,  and 
illustrated  how  the  shape  of  the  depletion  regions  depends 
on  the  lateral  bias  voltage  [5].  Kirtley  et  al  improved  the 
sensitivity  of  STP  to  the  10  pN  level,  and  reported  the 
observation  of  potential  steps  at  grain  boundaries  of  600  A 
thick  granular  Au6oPd4o  films  [6].  These  discontinuities 
in  the  potential  were  ascribed  to  strong  scattering  at  the 
grain  boundaries,  in  line  with  a  long-standing  theory  by 
Landauer  [7]  which  predicts  that  localized  scatterers  give 
rise  to  local  current  and  field  variations.  A  subsequent  study 
[8]  seriously  questioned  the  interpretation  of  Kirtley  et 
al,  and  argued  that  potential  steps  in  STP  images  can 
appear  as  artefacts  caused  by  convolution  of  the  STM 
tip  with  the  substantial  corrugation  of  the  investigated 
surface.  Such  tip-convolution  effects  get  larger  on  a 
rough  sample  surface,  and  they  also  increase  in  size  for 
a  blunt  probe  tip.  This  behaviour  is  opposite  to  the 
intuitive  expectation  based  on  topographic  imaging  where 
a  poor-quality  tip  produces  blurred  and  featureless  results. 

1575 


B  G  Briner  et  al 


Several  groups  have  tried  to  further  improve  the  detection 
sensitivity  of  STP  [9-1 1]  with  the  motivation  of  finding 
evidence  for  defect  scattering  on  flat  parts  of  the  metal  film 
where  tip-convolution  artefacts  can  be  excluded.  Instead 
of  further  optimizing  the  detection  technique  we  have 
taken  an  alternative  approach  to  tunnelling  potentiometry 
which  is  based  on  a  novel  sample  geometry  and  has  made 
it  possible  to  unambiguously  observe  scattering-induced 
discontinuities  in  the  surface  potential  of  thin  Bi  films  [12]. 
Here  we  describe  these  experiments  in  detail  with  particular 
emphasis  on  the  growth  of  the  semimetal  films  and  on  the 
observation  of  potential  steps  at  grain  boundaries. 

2.  Experimental  details 

For  the  present  experiments  our  goal  has  been  to  optimize 
the  sample  geometry  in  order  to  overcome  the  limitations 
imposed  on  STP  by  a  rough  surface.  On  the  insulating 
substrates  (quartz,  mica)  which  were  used  in  earlier 
potentiometry  studies  metal  growth  usually  proceeds  via 
island  formation.  To  obtain  continuous  films  requires 
the  deposition  of  several  hundred  angstroms  thick  layers 
with  obvious  consequences  for  the  surface  corrugation. 
In  contrast,  it  has  been  demonstrated  that  it  is  possible 
to  grow  continuous  and  flat  semimetal  (Bi,  Sb)  films 
on  the  cleaved  (110)  surface  of  GaAs  and  InP  [13-16]. 
To  benefit  from  these  favourable  growth  conditions  we 
have  developed  a  substrate  which  consists  of  an  n-i-n 
heterostructure  on  top  of  an  InP  wafer.  The  heterostructure 
is  used  to  inject  a  high  lateral  current  into  a  narrow 
segment  of  an  evaporated  semimetal  film.  Figure  1  shows 
a  schematic  layout  of  this  heterostructure  together  with 
a  functional  diagram  of  the  STP  set-up.  The  choice  of 
degenerately  n-doped  Ino.53Gao.47 As  for  the  contact  layers 
is  dictated  by  the  need  to  avoid  the  formation  of  Schottky 
barriers  at  the  interfaces  to  the  evaporated  conductor  which 
would  inhibit  efficient  current  injection.  For  a  dopant 
concentration  of  n  =  1019  cm-3  the  Fermi  level  of 
Ino.53Gao.47As  is  significantly  shifted  into  the  conduction 
band,  and  it  can  be  expected  to  form  ohmic  contacts 
to  the  metal  overlayer.  The  5000  A  thick  spacer  layer 
consists  of  either  semi-insulating,  Fe-doped  InP  or  low- 
temperature  MBE-grown,  slightly  p-doped  Ino.52Alo.4gAs. 
This  spacer  is  separated  from  the  outer  contact  layers  by  two 
1000  A  thick,  moderately  n-doped  Ino.53Gao.47As  buffers. 
We  have  found  that,  in  particular  for  the  substrates  with 
Ino.52Alo.4gAs  spacer  layers,  these  buffers  are  necessary  to 
avoid  interband  tunnelling  which  would  result  in  a  low 
shunt  resistance.  To  provide  electrical  contacts  to  the 
substrate  holder,  gold  films  are  evaporated  onto  the  topmost 
layer  of  the  heterostructure  and  onto  the  back  side  of  the 
InP-wafer.  The  top  contact  is  left  unannealed,  because 
diffusion  of  Au  into  the  heterostructure  would  create  shunts 
across  the  insulating  spacer. 

To  prepare  a  flat  semimetal  overlayer  we  start  by 
cleaving  the  samples  in  the  same  ultra-high  vacuum  (UHV) 
system  which  is  used  for  the  STP  experiments.  Immediately 
after  cleavage,  the  substrates  are  cooled  down  to  T  —  140  K 
and  bismuth  is  evaporated  onto  the  cleaved  edge.  Before 
resorting  to  this  low-temperature  deposition  technique  we 
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Figure  1.  The  sample  geometry.  Bi  is  deposited  onto  the 
cleaved  edge  of  an  n-i-n  heterostructure.  The  potential 
drop  on  the  portion  of  the  Bi  film  bridging  the  i  layer  is 
probed  with  the  STM. 


have  investigated  the  room  temperature  growth  of  Bi  and 
Sb.  Unfortunately,  for  both  materials  it  was  impossible 
to  obtain  flat  films  at  T  =  300  K.  During  Bi  evaporation 
the  sample  resistance  is  continuously  monitored  to  check 
for  the  formation  of  a  conducting  bridge  across  the  i  layer. 
For  deposition  at  140  K  the  resistance  starts  to  drop  at 
a  threshold  of  only  6  A.  This  is  a  clear  indication  for 
the  flat  and  continuous  growth  of  the  Bi  films.  Analogous 
experiments  were  performed  at  different  temperatures  and 
with  Sb  and  Be  as  alternative  evaporation  materials.  We 
found  that  for  these  materials  a  much  thicker  layer  (>50  A) 
had  to  be  deposited  before  the  sample  resistance  started  to 
decrease.  It  should  be  emphasized  that  due  to  imperfections 
in  the  i  layer  the  percolation  limit  cannot  be  properly 
detected,  since  at  this  point  the  overlayer  still  has  a 
much  poorer  conductance  than  the  substrate.  Nevertheless, 
STM  topographs  indicate  a  clear  correspondence  between  a 
rough  surface  morphology  and  a  large  percolation  threshold 
during  growth.  Because  all  STP  experiments  are  performed 
at  room  temperature  we  have  to  anneal  the  Bi  films  to 
300  K  after  low-temperature  deposition.  We  find  that 
the  thinnest  Bi  films  become  discontinuous  upon  heating 
to  300  K.  Therefore  we  are  presently  restricted  to  the 
investigation  of  films  with  a  thickness  of  at  least  15-20  A. 
All  layer  thicknesses  quoted  in  this  study  are  derived  from 
the  readings  of  a  crystal  deposition  monitor  i.e.  they  should 
be  understood  as  average  values. 

Topographic  and  potentiometric  data  on  these  Bi  films 
are  obtained  with  a  UHV  STM  equipped  with  facilities 
for  in  situ  tip  and  sample  change  [17].  Single-crystal 
W  tips  are  cleaned  by  sputtering  and  heating  until  they 
show  a  sharp  and  stable  field-emission  pattern.  STM 
topographs  are  recorded  with  a  constant  tunnelling  current 
of  100  pA  and  a  sample  bias  of  the  order  of  100  mV.  For  the 
potentiometry  experiments  we  disable  the  STM  feedback 
loop  at  each  image  pixel,  and  record  a  current-voltage 
( I-V )  curve  which  typically  extends  over  an  interval  of 
±50  mV  around  the  local  electrochemical  potential  Vo 
on  the  surface.  The  tip-surface  distance  is  intentionally 
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Figure  2.  Topography  image  of  a  20  A  thick  Bi  film  grown  at  T  =  140  K  on  lnP(1 10).  Vbias  =  250  mV,  lT  =  100  pA,  field  of 
view:  3900  A  x  1950  A. 


reduced  by  1  A  after  disabling  the  feedback  loop  in  order 
to  increase  the  current-detection  sensitivity  close  to  the 
zero-crossing  point.  After  the  experiment,  the  measured 
I-V  data  are  interpolated  with  third-order  polynomials, 
and  an  STP  image  is  generated  from  the  zeros  of  these 
fit  curves  which  represent  the  experimental  approximation 
for  Vo-  We  find  that  in  our  set-up  the  detection  sensitivity  is 
currently  limited  to  0.5  mV  by  external  noise  sources.  The 
spectroscopic  data  confirm  that  all  investigated  Bi  films  are 
good  conductors  because  their  I-V  curves  are  almost  linear 
close  to  V0. 

3.  Results  and  discussion 

3.1.  Growth  of  Bi  on  InP(llO) 

The  investigation  of  20-30  A  thick  Bi  films  using  an  STM 
shows  that  under  the  described  growth  conditions  bismuth 
forms  continuous  overlayers  which  are  characterized  by 
atomically  flat  planes  interspersed  with  irregularly  shaped 
holes.  The  typical  surface  morphology  found  in  the  present 
study  is  illustrated  in  figure  2,  a  large-scale  STM  topograph 
recorded  on  a  nominally  20  A  thick  Bi  layer.  Many  small, 
always  12  A  deep,  holes  are  discernible.  This  large  step 
height  corresponds  to  the  size  of  the  pseudocubic  unit 
cell  of  Bi  in  the  (111)  direction.  The  formation  of  such 
large  steps  is  somewhat  unexpected.  Structural  studies 
of  thicker  Bi  layers  deposited  at  room  temperature  on 
GaAs  [15]  and  InP  [14]  found  that  the  surface  usually 
consists  of  terraces  separated  by  4  A  high  steps.  We 
attribute  the  morphology  of  our  films  to  the  growth  at  low 
temperature  which  is  kinetically  limited  and  consequently 
leads  to  strained  and  metastable  overlayers.  Patrin  et  al 
[16]  have  reported  a  similar  influence  of  the  deposition 
temperature  on  the  surface  structure  of  Bi  films  grown  on 
GaAs  and  InP,  but  they  find  smaller  (7  A)  steps,  probably 
due  to  different  film  thicknesses  and  growth  conditions. 
The  elongated  vertical  steps  visible  in  figure  2  are  cleavage 
defects  on  the  heterostructure  which  are  replicated  in 
the  semimetal  overlayer.  As  will  be  shown  below,  this 
particular  growth  mode  of  Bi  is  a  favourable  prerequisite 
for  the  potentiometry  experiments  because  apart  from  the 
holes  the  film  surface  is  flat  on  a  scale  of  several  1000  A. 


The  hypothesis  that  after  growth  the  films  are  in 
a  metastable  state  is  confirmed  by  the  observation  that 
injecting  a  high  lateral  current  for  a  prolonged  time  induces 
significant  changes  in  surface  morphology.  Figure  3  shows 
a  7900  A  x  4800  A  topography  image  {dB,  =  20  A) 
recorded  on  the  part  of  the  Bi  film  over  the  heterostructure 
which  is  exposed  to  the  lateral  current.  Before  taking  this 
image,  an  average  current  density  of  3.5  x  106  A  cm-2 
has  been  run  through  the  film  for  8  h.  Near  the  right 
border  of  figure  3  the  ‘as-grown’  structure  is  still  visible. 
However,  most  of  the  film  surface  has  drastically  changed. 
The  12  A  deep  holes  have  been  replaced  by  large  terraces 
separated  by  4  and  8  A  high  steps.  In  the  strained  phase, 
the  surface  defects  are  preferentially  aligned  along  the  (110) 
direction  of  the  substrate,  a  fact  which  underlines  that  this 
growth  mode  is  strongly  influenced  by  the  misfit  between 
substrate  and  overlayer  lattices.  In  contrast,  the  islands  in 
the  relaxed  phase  are  more  isotropic  in  shape,  and  the  step 
orientations  reflect  the  approximately  hexagonal  symmetry 
of  the  Bi  surface.  Occasionally,  deep  holes  appear  also  in 
this  relaxed  phase.  Such  holes  present  both  an  opportunity 
and  a  technical  problem  for  the  potentiometry  experiments. 
On  one  hand,  the  deep  holes  constitute  dominant  scattering 
centres  for  the  lateral  current  which  allow  for  a  detailed 
study  of  the  transport-induced  potential  distribution.  On 
the  other  hand,  the  steep  steps  and  the  reduced  conductivity 
inside  the  holes  make  scanning  across  such  defects  difficult 
and  prone  to  tip-crashes. 

It  may  be  argued  that  the  observed  changes  in  surface 
morphology  are  caused  by  locally  heating  the  Bi  film  with 
the  applied  current.  To  test  whether  the  strain  relaxation 
process  is  thermally  stimulated  we  have  annealed  the 
sample  on  which  figure  3  was  recorded  to  T  =  420  K 
for  30  min.  By  imaging  a  part  of  the  semimetal  film 
which  has  not  been  subjected  to  a  lateral  current  we  can 
make  sure  that  here  any  observed  deviations  from  the 
‘as-grown’  phase  must  be  thermally  induced.  Figure  4 
shows  that  the  surface  morphology  has  also  changed  in 
response  to  thermal  annealing,  but  the  resulting  structure 
is  significantly  different  compared  to  the  current-induced 
effects.  The  slightly  elongated,  12  A  deep  holes  are 
still  present  and  the  average  lateral  size  of  these  defects 
has  significantly  increased.  Periodic  fringes  (corrugation 
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Figure  3.  STM  topograph  (7900  A  x  4800  A)  showing  the  change  of  surface  morphology  in  response  to  lateral  current 
injection.  dB,  =  20  A.  The  strained  phase  (still  visible  near  the  right  border  of  the  image)  transforms  into  large  terraces  with 
step  heights  of  4  and  8  A. 
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Figure  4.  Same  film  as  in  figure  3  after  annealing  to  T  =  420  K.  Topography  image  of  a  part  of  the  Bi  film  on  the  InP  wafer 
which  has  not  been  subjected  to  a  lateral  current.  Field  of  view:  5600  A  x  2800  A. 


amplitude  ~1  A)  now  appear  on  the  flat  parts  of  the  surface. 
These  fringes  are  similar  to  the  moire  pattern  which  has 
been  reported  by  Patrin  etal  [16],  and  which  was  explained 
as  a  result  of  the  misfit  between  substrate  and  overlayer 
lattice  constants.  The  varying  angle  of  the  fringes  with 
respect  to  the  substrate  nicely  illustrates  the  existence  of 
differently  oriented  domains  in  these  polycrystalline  films. 
The  observation  that  domain  boundaries  often  originate 
from  the  surface  defects  lets  us  suggest  that  the  holes  act 
as  pinning  centres  for  the  metastable  surface.  We  observe 
similar  fringes  with  a  much  reduced  corrugation  amplitude 
also  on  thin  ( d  =  20  A)  Bi  films  in  the  ‘as-grown’  phase. 
Based  on  the  significant  difference  between  figures  3  and 

4  we  propose  that  strain  relaxation  on  the  part  of  the  film 
over  the  heterostructure  is  promoted  by  electromigration 
in  response  to  the  high  injected  lateral  current.  This 
interpretation  is  confirmed  by  a  numerical  estimate  of 
Ohmic  heating.  Assuming  intimate  contact  between  film 
and  substrate,  we  find  that  a  lateral  current  density  of 

5  x  106  A  cm-2  leads  to  a  temperature  rise  of  less  than  1  K. 
Electromigration  alone  cannot  be  made  responsible  for  the 
current-induced  structural  changes.  It  leads  to  an  oriented 


motion  of  atoms  along  the  direction  of  the  current  [18],  but 
the  surface  structure  shown  in  figure  3  does  not  provide 
evidence  for  such  an  oriented  mass  flow.  Therefore, 
we  tentatively  suggest  that  electromigration  sets  in  at  the 
12  A  holes  where  the  local  electric  field  is  enhanced  (see 
below).  By  selectively  reshaping  and  removing  the  pinning 
centres,  electromigration  lowers  the  potential  barrier  for 
thermally  assisted  strain  relaxation  which  finally  transforms 
the  surface  into  the  observed  isotropic  structure. 

3.2.  Potentiometry 

Potentiometry  experiments  are  carried  out  on  20-30  A 
thick  Bi  films  subjected  to  current  densities  of  the  order 
of  106  A  cm-2.  They  always  reveal  the  coexistence  of 
both  phonon  and  defect  scattering  in  the  investigated  films. 
Figure  5  presents  simultaneously  recorded  topography  (a) 
and  potential  images  (b)  on  a  30  A  thick  Bi  film.  The 
potential  image  covers  a  greyscale  range  of  34  mV.  A 
horizontal  potential  ramp  is  clearly  visible.  It  corresponds 
to  the  resistance  caused  by  electron-phonon  scattering  in 
a  film  with  constant  thickness,  and  obviously  represents 
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a  significant  portion  of  the  total  film  resistance  at  room 
temperature.  However,  in  addition  to  the  ramp  we  find 
small  steps  in  the  surface  potential  coinciding  with  the 
positions  of  the  defects  on  the  topography  image.  To 
better  illustrate  the  formation  of  these  typically  2-4  mV 
high  steps,  figure  5(c)  presents  line-cuts  of  the  potential 
distribution  along  the  direction  of  the  externally  applied 
field.  The  two  holes  which  cause  the  depicted  potential 
steps  have  a  horizontal  extension  a  of  30  and  50  A.  The 
topographic  information  on  the  defect  size  and  the  measured 
potential  ramp  which,  for  this  image,  corresponds  to  a  field 

o  —1 

of  Ex  =  31  ,wV  A  allow  us  to  determine  an  upper  bound 
for  the  possible  influence  of  tip-convolution  artefacts  on 
the  shape  of  the  line-plots  shown  in  figure  5(c).  Assuming 
that  no  voltage  drop  occurs  at  the  holes,  the  distortion 
of  the  uniform  ramp  by  tip  convolution  could  at  most 
lead  to  voltage  steps  of  AV  =  Exa.  As  indicated  in 
figure  5(c)  these  steps  are  significantly  smaller  than  the 
observed  discontinuities.  In  contrast  to  tip  convolution 
which  only  locally  distorts  the  potential  ramp,  the  steps  in 
the  experimental  data  lead  to  an  offset  between  the  flat  parts 
of  the  potential  curve  i.e.  they  represent  a  real  resistance 
increase.  It  must  be  emphasized  that  an  almost  perfect 
film  surface  is  an  important  prerequisite  for  interpreting  the 
potentiometry  data.  The  simple  linear  background  ramp 
which  makes  it  possible  to  easily  separate  phonon  and 
defect  scattering  is  a  direct  consequence  of  the  fact  that 
apart  from  the  holes  the  films  are  atomically  flat. 

A  network  of  faint  lines  connecting  the  surface 
defects  is  visible  in  figure  5(a).  These  lines  are  grain 
boundaries  which  separate  differently  oriented  crystallites 
of  the  Bi  film.  The  potential  distribution  near  a  vertical 
grain  boundary  has  been  highlighted  in  figure  5(b)  by 
locally  changing  the  greyscale  repartition.  A  small  step 
corresponding  to  A  Vo  <  1  mV  is  visible.  It  must  be 
pointed  out  that  such  small  potential  features  are  close  to 
the  detection  limit  of  our  STP  set-up  which  is  currently 
restricted  to  ~0.5  mV  by  external  noise  sources.  We  find 
that  for  the  thinnest  studied  Bi  films  the  grain  boundaries 
give  rise  to  more  pronounced  potential  discontinuities. 
A  larger  misfit-induced  strain  in  these  films  probably 
leads  to  an  increased  scattering  cross-section  at  the  grain 
boundaries.  Figure  6  presents  topography  and  STP  images 
which  have  been  recorded  on  a  20  A  thick  Bi  film  subjected 
to  a  lateral  current  density  of  1.5  x  106  A  cm-2.  Grain 
boundaries  appear  as  bright  lines  in  the  STM-topograph  (a). 
Due  to  a  somewhat  blunt  probe-tip  the  borders  of  the  12  A 
deep  holes  appear  blurred.  The  potential  image  (b)  displays 
similar  features  to  those  visible  in  figure  5.  However, 
here  the  highlighted  portion  of  the  image  clearly  shows 
the  formation  of  a  potential  step  at  the  grain  boundary.  For 
this  film  not  only  the  domain  boundaries  but  also  the  fringe 
pattern,  which  has  been  discussed  in  the  preceding  section, 
can  be  discerned  in  both  the  topography  and  potential 
images.  This  finding  illustrates  the  existence  of  localized 
scattering  at  defects  down  to  the  atomic  scale. 

A  rough  sample  surface  does  not  only  increase  the 
chance  for  tip-convolution,  it  also  makes  it  difficult 
to  distinguish  between  artefacts  and  real  potential 
discontinuities.  The  background  contribution  to  the 
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Figure  5.  (a)  An  STM  topograph,  (b)  A  simultaneously 
recorded  STP  image  on  a  30  A  thick  Bi  film.  Potential 
discontinuity  at  grain  boundary  is  highlighted,  (c)  This 
graph  presents  line-cuts  across  the  potential  image  as 
marked  in  (b)  and  shows  the  expected  potential  slopes  if 
the  steps  were  entirely  caused  by  tip  convolution. 

resistance  of  a  rough  film  changes  on  a  small  scale,  and 
consequently  no  smooth  potential  ramp  can  be  observed  by 
STP.  As  explained  in  section  2,  the  surface  quality  of  the 
Bi  films  strongly  depends  on  the  deposition  temperature. 
Figure  7(a)  shows  the  surface  of  a  nominally  25  A  thick 
Bi  film  which  has  been  prepared  by  evaporation  at  a 
somewhat  higher  temperature  (T  ~  200  K).  The  enhanced 
atomic  mobility  during  deposition  obviously  has  led  to 
the  formation  of  a  granular  surface  structure.  On  the 
potential  image  in  figure  7(b)  a  ramp  is  still  discernible, 
but  the  potential  distribution  is  dominated  by  strong 
discontinuities  which  are  suggestive  of  transport  across  an 
almost  disconnected  layer.  It  is  possible  that  some  of  these 
discontinuities  appear  artificially  enhanced.  However,  tip- 
convolution  cannot  be  made  responsible  for  the  inverted 
potential  steps  marked  by  arrows  in  figure  7(b).  Such  a 
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Figure  6.  Topography  (a)  and  potential  images  (b)  on  a 
20  A  thick  Bi  film.  Lateral  current  density  =  1.5  x  106 
A  cm-2.  A  potential  step  at  a  grain  boundary  has  been 
highlighted  in  (b)  by  locally  changing  the  greyscale 
repartition. 


Figure  7.  (a)  A  nominally  25  A  thick  Bi  film.  Growth  at 
T  =  200  K  results  in  a  rough  surface,  (b)  The 
corresponding  potential  image  is  characteristic  for  an 
almost  disconnected  film,  inverted  potential  steps  are 
marked  by  arrows. 

field  inversion  indicates  either  a  local  current  flow  opposed 
to  the  direction  of  the  applied  field  or  the  prevalence  of 
charging  effects. 

The  deep  holes  which  appear  on  the  semimetal  films 
as  a  result  of  the  described  strain  relaxation  process  act 
as  strong  scatterers.  We  have  found  [12]  that  they  give 
rise  to  very  pronounced  potential  discontinuities  (step  size 
>20  mV).  In  the  vicinity  of  a  hole,  the  ‘net’  potential 


after  subtraction  of  a  linear  background  takes  on  the 
shape  of  a  two-dimensional  dipole.  The  lobes  of  the 
dipole  extend  over  several  hundred  angstroms  beyond  the 
geometric  size  of  the  defect.  The  observation  of  deviations 
from  the  background  ramp  on  fiat  parts  of  the  surface 
makes  it  possible  to  unambiguously  assign  the  dipole 
to  defect  scattering  even  though  tip-convolution  artefacts 
within  the  deep  holes  cannot  be  excluded.  The  fact  that 
the  observed  potential  resembles  the  theoretically  predicted 
resistivity  dipole  [7, 19]  motivates  the  question  about  the 
relative  importance  of  ballistic  (electron-electron)  and 
diffusive  (electron-phonon)  scattering  which  is  discussed 
in  detail  in  [12].  We  find  that  in  the  present  room- 
temperature  experiments  diffusive  scattering  makes  the 
main  contribution  to  the  observed  potential  discontinuities, 
but  ballistic  effects  are  also  identified.  From  the  low 
carrier  density  in  bulk  Bi  one  would  expect  that  ballistic 
transport  dominates  even  at  room  temperature.  However, 
this  apparent  contradiction  is  resolved  by  noting  that 
surface  states  can  significantly  increase  the  effective  carrier 
concentration  in  thin  Bi  films  [20], 

In  summary,  the  presented  results  provide  clear 
evidence  for  defect  scattering  at  room  temperature  i.e. 
the  potential  discontinuities  represent  a  direct  fingerprint 
of  residual  resistivity.  The  novel  sample  geometry  could 
also  make  it  possible  to  observe  some  of  the  finer  details 
in  the  scattering-induced  potential  distribution,  such  as 
the  predicted  Friedel  oscillations  [19,21],  if  a  similar 
experiment  is  performed  at  low  temperature. 
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Abstract.  Magnetoresistance  studies  on  two-dimensional  electron  systems  in 
GaAs-AIGaAs  heterojunctions  exposed  to  voltage-tunable  square  lateral 
superlattices  with  periods  in  the  100  nm  range  reveal  at  low  temperatures  a 
characteristic  splitting  of  individual  Landau  bands.  Around  magnetic  field  values  at 
which  p/q  flux  quanta  penetrate  the  unit  cell  of  the  superlattice,  with  p  and  q  being 
small  integers,  p  subbands  can  be  observed.  A  discussion  of  which  conditions 
have  to  be  met  to  reveal  such  Hofstadter-type  splitting  of  Landau  bands  illuminates 
the  experimental  difficulties  that  have  to  be  overcome  in  chasing  the  Hofstadter 
butterfly. 


1.  Introduction 

In  recent  years  nanofabrication  technologies  have  enabled 
us  to  study  ballistic  and  phase  coherent  motion  of  conduc¬ 
tion  electrons  in  semiconductors  under  the  action  of  ar¬ 
tificial  potential  landscapes  tailored  by  the  experimental¬ 
ist.  In  particular  it  has  become  possible  to  study  electronic 
systems  in  which  geometrically  defined  length  scales  well 
above  the  crystalline  lattice  constant  but  much  smaller  than 
typical  scattering  lengths  become  comparable  to  magneti¬ 
cally  defined  lengths.  A  widely  studied  system  has  been 
electrons  confined  to  a  two-dimensional  plane  with  a  mag¬ 
netic  field  applied  perpendicular  to  this  plane  and  a  one- 
or  two-dimensional  periodic  electrostatic  potential  acting 
on  the  electrons  moving  ballistically  through  this  superlat¬ 
tice  potential.  One  motivation  for  such  studies  has  been 
the  long-predicted  quantum  commensurability  phenomena 
expected  to  occur  when  the  unit  cell  of  a  square  lattice  be¬ 
comes  penetrated  by  a  magnetic  flux  <£  comparable  to  a  flux 
quantum  <t>0.  For  a  perturbing  magnetic  field,  Hofstadter 
has  predicted  that  commensurability  between  the  lattice  unit 
cell  and  the  flux  lattice  causes  a  single  one-electron  band 
to  split  up  into  a  fascinating  self-similar  spectrum  of  sub¬ 
bands  [1],  The  opposite  case  of  a  strong  magnetic  field  and 
a  weak  periodic  electrostatic  potential  yields  formally  the 
same  spectrum  and  causes  a  single  Landau  band  to  split  up 
into  p  subbands  whenever  the  flux  <F  per  unit  cell  equals 
p/q  flux  quanta  with  p  and  q  both  being  integers. 

t  Present  address:  Laboratorium  fur  Festkorperphysik,  ETH  Zurich, 
CH  8093  Zurich,  Switzerland. 
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Whereas  the  intricate  commensurability  effects  re¬ 
flected  in  this  so-called  Hofstadter  butterfly  have  been  the 
central  point  of  many  theoretical  studies  [2]  they  have  long 
been  experimentally  beyond  reach,  since  the  magnetic  fields 
which  are  required  to  fill  a  crystalline  unit  cell  with  flux 
comparable  to  a  flux  quantum  are  well  above  magnetic 
fields  generated  in  a  laboratory.  However,  with  artificial 
superlattices  one  is  now  able  to  create  periodic  potentials 
with  periods  in  the  range  down  to  100  nm  in  the  plane 
of  a  high-mobility  two-dimensional  electron  gas  (2DEG), 
generated,  for  example  at  a  GaAs-GaAlAs  heterojunction 
interface.  Hence  it  is  not  surprising  that  a  few  years  ago 
several  groups  set  out  to  chase  the  Hofstadter  butterfly.  To 
everybody’s  surprise,  however,  the  first  commensurability 
phenomenon,  found  in  the  magnetoresistance  of  lateral  su¬ 
perlattices  by  Weiss  et  al  [3],  in  a  one-dimensional  su¬ 
perlattice  occurs  whenever  the  superlattice  period  becomes 
commensurable  with  the  classical  cyclotron  diameter  2RC. 
This  effect  was  correspondingly  explained  to  be  of  pre¬ 
dominantly  classical  origin  [4].  Subsequently  also  observed 
in  square  superlattices  [5],  we  now  understand  these  mag¬ 
netoresistance  oscillations  to  result  from  classical  ballistic 
transport  across  several  superlattice  periods.  Recently  we 
have  been  able  to  satisfy  the  more  stringent  requirements 
on  the  homogeneity  and  potential  amplitude  of  a  small- 
period  square  superlattice  that  are  necessary  to  be  able  to 
observe  the  quantum  commensurability  exemplified  in  the 
Hofstadter  buttterfly  [6].  Here  we  summarize  these  stud¬ 
ies  and  demonstrate  that  we  have  achieved  a  first  success 
in  chasing  the  Hofstadter  butterfly  by  observing  the  oc¬ 
currence  of  Landau  subbands  in  accordance  with  the  flux 
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Figure  1.  (a)  Schematic  view  of  a  superlattice  sample. 

(b)  AFM  image  of  the  patterned  electron-sensitive  resist 
layer.  The  lattice  period  is  105  nm. 

commensurability  condition.  Our  experiments  also  demon¬ 
strate  that  in  real  lateral  superlattices  many-body  phenom¬ 
ena,  in  particular  magnetic-field-dependent  screening,  make 
the  Hofstadter  butterfly  much  more  fragile  than  originally 
anticipated,  thus  opening  only  a  relatively  small  experimen¬ 
tal  window  to  the  world  of  quantum  commensurability  in 
magnetic  fields. 

2.  Experimental  notes 

One  essential  prerequiste  for  our  studies  is  the  preparation 
of  high-mobility  2DEGs  exposed  to  square  electrostatic 
superlattice  potentials  having  periods  in  the  range  of  100  nm 
with  tunable  potential  amplitude.  We  employ  modulation- 
doped  GaAs-AlGaAs  heterojunctions  grown  by  molecular 
beam  epitaxy  in  which  the  2DEG  is  located  only  36  nm 
below  the  crystal  surface  [7].  Typically  the  2DEGs  have 
carrier  densities  of  Ns  =  5  x  1011  cm-2  and  mobilities  of 
40  m2  V-1  s-1  at  T  =  4.2  K  corresponding  to  a  mean  free 
path  l  =  4.7  /xm  and  a  Fermi  wavelength  =  35  nm. 
A  Hall  bar  geometry  is  defined  by  wet  chemical  etching 
with  an  area  of  20  /xm  x  8  /xm  between  the  voltage  probes, 
i.e.  dimensions  that  are  larger  than  both  the  elastic  and 
inelastic  mean  free  path.  Using  electron  beam  lithography 
an  electron-sensitive  resist  layer  on  the  sample  surface  is 
suitably  exposed  and  developed  to  create  a  lattice  of  voids 
and  then  covered  by  an  evaporated  metal  gate  as  sketched 
in  figure  1.  Due  to  the  proximity  of  the  2DEG  to  the  sample 
surface  we  have  the  unique  possibility  of  inducing  lateral 
superlattices  with  periods  as  small  as  80  nm  and  relatively 
large  and  widely  tunable  potential  modulation.  We  have 
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Figure  2.  Magnetoresistance  traces  of  a  139  nm  period 
superlattice  heterostructure  at  a  temperature  of  4.2  K;  with 
potential  amplitude  increasing  from  the  lowest  to  the  upper 
curves  the  amplitude  of  the  classical  commensurability 
oscillations  is  found  to  decrease. 

studied  square  superlattice  devices  with  periods  of  215  nm, 
139  nm,  105  nm  and  80  nm.  The  magnetoresistance 
measurements  are  carried  out  in  a  dilution  refrigerator  at 
a  bath  temperarure  of  30  mK  and  the  current  sent  through 
the  samples  is  below  10  nA. 

3.  Magnetoresistance  oscillations  and 
commensurability  phenomena 

A  typical  magnetoresistance  trace  at  T  —  4.2  K  in 
a  superlattice  with  period  a  =  139  nm  and  with 

varying  potential  modulation  is  displayed  in  figure  2. 
At  gate  voltages  around  0  V  we  observe  two  sets  of 
magnetoresistance  oscillations  both  being  periodic  in  1  /B. 
At  high  magnetic  fields  above  about  0.7  T  we  observe 
the  well  known  Shubnikov-de  Haas  (SdH)  oscillations  of 
a  2DEG  which  reflect  the  intersection  of  Landau  levels 
with  the  Fermi  level.  At  lower  magnetic  field  we  observe 
commensurability  oscillations  with  minima  at 

2 Rc  =  in  -  >.  (1) 

In  lowest-order  pertubation  theory  the  electrostatic  potential 
modulation  causes  the  Landau  levels  of  the  2DEG  to 
transform  into  Landau  bands  with  periodically  oscillating 
band  width  whenever  the  classical  cyclotron  diameter 
equals  a  multiple  of  the  superlattice  period.  The  Landau 
level  bandwidth  at  the  Fermi  energy  vanishes  at  the 
so-called  flat-band  condition,  equation  (1).  Classically, 
for  example  with  a  ID  potential  modulation  along  the 
x  direction,  the  electric  field  E  corresponding  to  the 
potential  modulation  causes  an  E  x  B  drift  along  y 
that  reflects  the  dispersion  dE/dkx  of  the  Landau  band 
at  the  Fermi  energy  [4,8].  This  yields  an  oscillating 
band  contribution  to  the  conductivity  cryy  that  in  lowest 
approximation  becomes  superimposed  onto  the  scattering 
contribution  to  the  conductivity  that  reflects  the  density 
of  states  at  the  Fermi  energy  and,  in  a  sufficiently  strong 
magnetic  field  where  /xB  >  1  and  at  sufficiently  low 
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Figure  3.  Magnetoresistance  traces  at  a  bath  temperature 
of  30  mK.  The  vertical  broken  lines  indicate  magnetic  field 
positions  where  the  Landau  bands  are  essentially  flat. 

(a)  At  those  values  and  weak  potential  modulation  the 
experiment  reveals  minima  in  the  resistance  modulation 
and  especially  pronounced  SdH  oscillations  as  visualized 
by  the  envelope  of  the  minima  and  maxima  of  the  SdH 
oscillations.  In  this  situation  band  conductivity  dominates 
the  upper  SdH  envelope,  (b)  In  the  regime  of  larger 
potential  modulation  where  the  Landau  bands  become 
relatively  wide  the  upper  envelope  of  the  SdH  oscillations 
clearly  shows  maxima  at  flat  band  indicating  the  breakdown 
of  band  conductivity.  (From  [6].) 

temperatures,  leads  to  the  SdH  oscillations.  It  should 
be  noted  that  in  this  high-field  limit  the  conductivity  ayy 
becomes  roughly  proportional  to  the  magnetoresitance  pxx. 
According  to  the  picture  of  classical  commensurability  one 
expects  the  band  contribution  to  the  magnetoresistance  to 
increase  quadratically  with  the  superlattice  potential  [4,  8]. 
Instead  we  observe  in  figure  2  that  increasing  potential 
modulation  decreases  the  amplitude  of  the  commensurabilty 
oscillations.  This  is  a  first  indication  that  the  classical 
picture  is  no  longer  appropriate. 

This  becomes  even  more  obvious  when  we  decrease 
temperature  and  correspondingly  increase  thermal  resolu¬ 
tion  and  phase  coherence  length.  Then  we  can  observe  SdH 
oscillations  at  magnetic  fields  where  classical  commensu¬ 
rability  effects  are  expected.  At  first  glance  figure  3  shows 
us  that  classical  commensurability  oscillations  modulate  the 
amplitude  of  the  SdH  oscillations,  as  apparent  for  the  weak 


modulation  case  displayed  in  figure  3(a).  There  the  band 
conductivity  contribution  dominates  the  upper  SdH  enve¬ 
lope  and  produces  minima  at  the  flat  band  condition,  equa¬ 
tion  (1),  as  indicated  by  the  vertical  broken  lines.  However, 
at  stronger  modulations,  as  in  figure  3(b),  we  observe  a  dis¬ 
tinctly  different  behaviour.  Whereas  here  the  envelope  of 
the  SdH  minima  still  exhibits  minima  at  flatband  the  enve¬ 
lope  of  the  SdH  maxima  shows  maxima  at  flatband  result¬ 
ing  from  an  increased  density  of  states  at  the  Fermi  energy 
and  a  correspondingly  stronger  influence  of  the  scattering- 
induced  contribution  to  the  conductivity.  The  suppression 
of  the  band  conductivity  contribution  in  this  case  indirectly 
reflects  the  break-up  of  the  Landau  bands  into  subbands  [8]. 

4.  Manifestation  of  Landau  subbands 

To  be  able  to  observe  Landau  subbands  directly  quite  a  few 
conditions  have  to  be  met.  Apart  from  low  temperatures 
to  guarantee  a  sharp  Fermi  distribution  function,  the 
scattering-induced  broadening  h/t  as  well  as  broadening 
caused  by  spatial  inhomogeneities  need  to  be  smaller 
than  the  expected  splitting  into  Landau  subbands.  A 
natural  experimental  measure  of  all  relevant  broadening 
mechanisms  is  given  by  the  observed  low-temperature 
onset  of  SdH  oscillations.  In  our  samples,  for  the  case 
of  negligible  superlattice  effects,  this  occurs  at  B  « 
0.15  T,  corresponding  to  an  energy  resolution  of  0.3  meV. 
In  lowest  order  the  expected  subband  splitting  in  turn 
oscillates  with  magnetic  field  and  vanishes  at  the  flat 
band  condition.  Furthermore  at  the  superlattice  periods 
currently  realized,  which  are  still  larger  than  the  Fermi 
wavelength,  screening  reduces  the  effective  superlattice 
amplitude  substantially.  In  quantizing  magnetic  fields, 
screening  increases  in  proportion  to  the  density  of  states 
at  the  Fermi  level  and  thus  is  expected  to  be  further 
enhanced  at  SdH  maxima  [9].  Practically  this  means  that 
for  the  superlattices  considered  here,  in  which  magnetic- 
field-dependent  screening  is  important,  one  cannot  simply 
increase  the  magnetic  field  to  enhance  at  a  given  level 
broadening  the  splitting  into  subbbands,  because  that 
in  turn  reduces  the  effective  superlattice  potential  and 
hence  the  splitting.  These  considerations  demonstrate 
that  the  visibility  conditions  for  the  splitting  of  Landau 
bands  into  subbands  arc  fragile  and  restricted  to  a  rather 
narrow  magnetic  field  regime  between  the  onset  of  SdH 
oscillations  and  the  regime  of  strong  magnetic  quantization. 
Furthermore,  the  superlattice  unit  cell  must  be  chosen 
that  in  this  magnetic  field  regime  only  a  few  flux  quanta 
penetrate  the  unit  cell,  i.e.  p/q  is  of  order  unity.  Finally  the 
effective  potential  amplitude  must  be  tuned  to  a  value  as 
high  as  possible  but  below  the  splitting  of  adjacent  Landau 
bands  hcoz  to  avoid  band  overlap.  With  all  these  limitations 
it  becomes  clear  that  the  pursuit  of  the  Hofstadter  butterfly 
in  lateral  superlattices  is  a  tedious  task. 

Figure  4  shows,  with  two  characteristic  examples,  that 
in  spite  of  all  these  difficulties  we  have  succeeded  in 
a  first  observation  of  the  splitting  of  Landau  bands  into 
subbands  in  quantitative  agreement  with  the  Hofstadter 
prediction.  Figure  4(a)  displays  SdH  oscillations  of  the 
magnetoresistance  in  a  magnetic  field  regime  in  which 
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Figure  4.  (a)  Splitting  of  an  SdH  maximum  around 
4>/4> c  =  3  at  Vg  =  -400  mV;  at  lower  gate  voltage 
(-375  mV)  the  potential  amplitude  is  too  small  to  resolve 
these  structures  whereas  at  higher  gate  voltage  (-425  mV) 
the  Landau  bands  begin  to  overlap.  ( b )  Splitting  of  an  SdH 
maximum  at  <j>/<pg  =  2/3  observed  in  an  80  nm  period 
sample. 

about  three  flux  quanta  fill  the  unit  cell  of  a  square 
superlattice  with  period  a  =  139  nm.  The  vertical  broken 
line  indicates  flat  band  and  the  dot-dashed  line  the  magnetic 
field  where  classically  one  expects  the  maximum  band 
width.  At  the  lowest  potential  modulation,  Vg  =  —375  mV, 
one  observes  rather  unperturbed  SdH  oscillations  which 
break  up  into  substructure  at  higher  potential  modulation. 
Around  <p/(po  =  3,  three  distinct  maxima  can  be  identified 
but  become  less  clear  at  higher  potential  modulation  at 
which  this  particular  Landau  band  further  approaches  the 
flat  band  case.  Similarly  we  observe  in  this  device  splitting 
into  p  subbands  at  tf>/<po  =  p/q  =2  and  4  at  lower 
and  higher  magnetic  fields  [6]  respectively  if  we  tune  the 
superlattice  amplitude  accordingly  to  a  lower  or  higher 
value  than  in  figure  4(a).  The  magnetic  field  regime  in 
which  we  expect,  with  the  present  wafer  material,  glimpses 
at  the  butterfly  (about  0.3  T  <  B  <  1  T)  corresponds 


to  lower  flux  per  unit  cell  if  we  decrease  the  superlattice 
period.  This  allows  us  to  observe  subband  splittings  at 
fractional  filling  factors  as  exemplified  for  the  sample  with 
lowest  period  a  =  80  nm  at  <p/<p0  =  p/q  =  2/3  in 
figure  4(b).  In  accordance  with  the  Hofstadter  prediction 
we  observe  a  Landau  band  to  split  into  p  =  2  subbands. 
Similarly  we  observe  the  expected  splittings  at  <p /(po  —  3/4 
and  5/6,  and  in  a  105  nm  sample  at  4>/(po  =  3/2  [6]. 

5.  Conclusion  and  perspectives 

The  good  agreement  with  the  Hofstadter  prediction  of  flux 
quantum  commensurability  observed  on  several  samples 
demonstrates  beyond  doubt  that  the  observed  splittings 
reflect  the  expected  formation  of  Landau  subbands  and  are 
not  artifacts  that  could  be  caused,  for  example,  by  sample 
inhomogeneities.  Nevertheless,  our  observations  make 
clear  that  a  further  detailed  view  at  the  Hofstadter  butterfly 
that  may  reveal  the  self-similar  nature  of  the  energy 
spectrum  will  be  very  difficult  in  2DEGs  on  semiconductors 
because  of  the  complex  interplay  of  the  superlattice  effects 
with  magnetic-field-dependent  screening.  Homogeneous 
samples  with  high  mobilities  and  significantly  smaller 
periods  that  are  comparable  to  or  smaller  than  the  Fermi 
wavelength  or  the  magnetic  length  are  necessary  to  reveal 
a  distinctly  clearer  view  than  the  above  glimpse  at  the 
Hofstadter  butterfly.  To  create  those  samples  remains  a 
challenge  to  experimental  ingenuity. 
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Abstract.  We  present  a  review  on  the  recent  study  of  the  type  I  to  type  II  transition 
in  short-period  superlattices  of  GaAs/AlAs  by  means  of  cyclotron  resonance  and 
interband  magneto-optical  spectroscopy  in  pulsed  high  magnetic  fields  up  to  500  T. 
In  the  magneto-photoluminescence  spectra  of  excitons  in  (GaAs)m(AIAs)„,  the 
magnetic-field-induced  type  I  to  type  II  transition  was  observed  with  and  without  the 
simultaneous  application  of  high  pressure.  The  behaviour  of  the  transition  varies 
depending  on  the  thickness  of  the  AlAs  layers.  In  cyclotron  resonance  of 
(GaAs)„(AIAs)n,  the  resonance  peak  at  the  X  minima  was  observed  in  the  type  II 
regime  for  n  smaller  than  14,  whereas  the  resonance  at  the  r  point  was  observed 
for  n  >  15.  It  was  found  that  the  angular  dependence  of  the  peak  position  does  not 
obey  the  simple  cosine  dependence  due  to  the  subband  mixing  in  high  magnetic 
fields.  From  the  angular  dependence,  the  effective  masses  at  the  X  point  were 
determined.  In  high-field  cyclotron  resonance  measurements  at  129  meV  up  to 
400  T  for  n  =  16  (type  I),  the  resonance  of  the  X  minima  expected  at  around  260  T 
was  indiscernible,  despite  the  fact  that  the  transition  should  have  occurred  at  lower 
fields. 


1.  Introduction 

Recently,  progress  in  pulsed  high  magnetic  field  technology 
has  enabled  us  to  perform  accurate  measurements  of  the 
properties  of  matter  in  very  high  magnetic  fields  [1,2].  The 
frontier  of  the  high  field  has  reached  several  megagauss, 
exceeding  500  T  with  the  use  of  electromagnetic  flux 
compression  [1],  Since  they  make  the  cyclotron  energy  Tio)c 
so  high  and  the  cyclotron  orbital  radius  (h/eB)l/2  so  small, 
the  megagauss  fields  allow  us  to  study  various  properties 
of  nanostructure  semiconductor  devices  with  very  high 
resolution  and  with  a  significant  interplay  between  the 
magnetic  field  and  the  artificially  introduced  quantum 
potentials.  They  also  realize  the  condition  that  hcoc  exceeds 
various  energy  gaps  in  low-dimensional  systems.  Thus, 
various  types  of  magnetic-field-induced  level  cross-over 
take  place  in  very  high  fields,  as  are  actually  observed 
using  the  megagauss  facilities  in  Tokyo.  In  GaP/AlAs 
short-period  superlattices,  for  instance,  a  transition  from 
the  pseudo-direct  gap  system  to  the  indirect  systems 
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occurs,  which  was  observed  as  a  dramatic  decrease  of  the 
photoluminescence  intensity  in  high  magnetic  fields  [3]. 
In  InAs/GaSb  short-period  superlattices,  a  decrease  of  the 
cyclotron  resonance  intensity  was  found  due  to  the  semi¬ 
metal  to  semiconductor  transition  [4],  In  CdTe/CdMnTe 
quantum  wells,  a  type  I  to  type  II  transition  was  observed 
due  to  the  giant  Zeeman  splitting  in  the  barrier  layers  [5]. 

The  magnetic-field-induced  type  I  to  type  II  transition  in 
GaAs/AlAs  short-period  superlattices  is  one  of  such  level 
cross-overs  which  can  be  realized  at  high  fields.  Many 
experimental  and  theoretical  studies  have  been  made  on 
the  type  I  to  type  II  transition  of  the  GaAs/AlAs  system 
by  varying  the  number  of  monolayers  and  applying  high 
pressure  [6—12],  It  is  known  that  the  (GaAs)„/(AlAs)„ 
short-period  superlattice  ( n  is  the  number  of  monolayers) 
is  a  type  I  system  with  the  conduction  band  minimum  at 
the  F  point  for  n  larger  than  12-14,  and  the  system  has  a 
direct-gap  nature.  On  the  other  hand,  for  smaller  n,  it  is 
a  type  II  system  having  the  conduction  band  minimum  at 
the  X  point,  with  an  indirect  gap  nature  [6,  8],  The  type  I 
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Figure  1.  MPL  spectra  in  (GaAs)15(AIAs)13  up  to  150  T. 
The  data  were  obtained  as  a  streak  photograph  in  a 
one-shot  pulse  field.  The  time  proceeds  from  top  to  bottom. 

system  undergoes  a  transition  to  the  type  II  system  by  the 
application  of  high  pressure  due  to  the  different  pressure 
coefficients  between  the  two  minima.  A  similar  type  I  to 
type  II  transition  can  also  be  induced  by  the  application  of 
high  magnetic  fields,  because  the  effective  mass  at  the  T 
point  is  much  smaller  than  those  at  the  X  point. 

Such  a  magnetic-field-induced  transition  in  the 
GaAs/AlAs  system  was  first  observed  by  Sasaki  et  al  in  the 
magneto-photoluminescence  (MPL)  spectra  [12],  Figure  1 
shows  the  MPL  spectra  in  (GaAs)i5(AlAs)i3.  It  can  be 
clearly  seen  that  the  MPL  peak  from  the  exciton  in  the  T 
minimum  diminishes  from  about  55  T  with  increasing  field 
and  it  reappears  when  the  field  is  decreased  again.  It  was 
also  found  that  there  is  a  large  hysteresis  in  the  up  and  down 
sweeps  of  the  field.  This  is  due  to  the  finite  relaxation  time 
of  the  electron  transfer,  which  is  comparable  with  the  fast 
field  sweep  rate  [12]. 

In  this  paper,  we  discuss  the  magnetic-field-induced 
type  I  to  type  II  transition  by  means  of  cyclotron  resonance 
(CR)  and  the  MPL  spectra.  In  the  latter  case,  we  relied 
upon  simultaneous  application  of  high  magnetic  fields  and 
high  pressures  to  facilitate  the  transition  within  the  available 
field  range  in  a  wide  range  of  samples. 

2.  Experimental  technique 

Pulsed  high  magnetic  fields  can  be  produced  by  three 
different  techniques.  First,  ultra-high  magnetic  fields 
up  to  550  T  can  be  produced  by  electromagnetic  flux 
compression,  and  secondly,  we  can  produce  a  field  of  up  to 


about  200  T  by  the  single-turn  coil  technique.  Both  of  these 
techniques  for  fields  exceeding  100  T  are  destructive  and 
the  rise  time  of  the  field  to  the  top  is  a  few  microseconds 
[1].  The  advantage  of  the  latter  method  is  that  the  samples 
and  the  cryostats  are  not  destroyed  by  the  shots  of  pulses,  so 
that  we  can  repeat  the  measurements  on  the  same  sample. 
For  high-precision  measurements  in  the  lower  field  range, 
we  also  employ  conventional  non-destructive  long-pulse 
magnets  to  produce  fields  of  up  to  about  50  T.  The  rise 
time  of  the  field  in  this  case  is  about  10  ms. 

For  CR  experiments,  molecular  gas  lasers  were 
employed  as  radiation  sources  at  various  wavelengths. 
Cooled  semiconductor  detectors  were  used  for  the  fast 
detection  of  the  transmission  change.  For  MPL 
measurements,  two  different  systems  were  employed 
depending  on  the  magnetic  field  pulse  duration.  In 
millisecond  long-pulse  fields  up  to  50  T,  an  optical 
multichannel  analyser  (OMA)  was  used,  and  the  gate 
of  the  OMA  was  opened  at  the  top  flat  part  of  the 
field  pulse  to  measure  the  spectra  at  constant  fields.  In 
microsecond  short-pulse  fields  in  the  megagauss  range,  an 
image  converter  camera  was  employed  to  obtain  streak 
pictures  of  the  spectra,  and  entire  magneto-spectra  can 
be  obtained  in  one  shot  of  the  pulse.  An  Ar  laser  was 
employed  for  the  excitation  at  a  wavelength  of  514.5  nm. 

The  short-period  superlattice  samples  were  grown  by 
the  MBE  technique  [13,14],  For  the  CR  measurements, 
Si  was  doped  in  the  GaAs  layers  to  provide  conduction 
electrons  of  the  order  of  3  x  109-2  x  1011  cm_2/period.  For 
the  MPL  measurements,  non-doped  samples  were  grown  in 
the  range  n  =  15-19.  For  applying  high  pressures  in  pulsed 
high  magnetic  fields,  we  developed  a  new  piston  cylinder 
type  of  clamp  cell  made  from  Cu-Be  [15].  In  comparison 
to  a  diamond  anvil  cell,  the  advantage  of  this  type  is  that 
the  temperature  rise  of  the  sample  due  to  the  eddy-current 
heating  of  the  cell  in  pulsed  fields  is  almost  negligible, 
because  of  the  larger  distance  between  the  metal  parts  and 
the  sample.  Moreover,  we  can  mount  samples  as  large  as 
2  mm  in  diameter.  A  high  pressure  of  up  to  about  10  kbar 
(1  GPa)  was  achievable. 

3.  MPL  in  GaAs/AIAs 

(GaAs) i7 (Al As) i7  undergoes  a  transition  to  type  II  at  a 
critical  pressure  pc  of  0.30  GPa.  Figure  2  shows  the 
MPL  spectra  for  the  n  =  17  sample  at  a  pressure  of 
p  =  0.25  GPa.  The  main  peak  at  B  =  0  T  arises  from 
the  exciton  at  the  T  point.  It  shows  a  persistent  blue  shift 
due  to  the  diamagnetic  shift,  and  the  intensity  shows  a 
rapid  decrease  as  the  field  is  increased  above  20  T.  At 
around  20  T,  the  peak  position  starts  deviating  from  the 
diamagnetic  shift  at  the  ambient  pressure.  From  nearly  the 
same  field,  the  peak  intensity  starts  decreasing.  Therefore, 
the  transition  field  Bc  is  defined  at  around  20  T  in  this 
sample.  Above  Bc,  another  peak  appears  in  the  lower  field 
corresponding  to  the  exciton  at  the  X  point.  However,  this 
X-point  exciton  line  diminishes  at  a  higher  field.  At  a 
pressure  higher  than  pc,  the  deviation  of  the  peak  position 
from  the  ambient  pressure  line  and  the  decrease  of  the 
intensity  occurs  as  soon  as  we  apply  magnetic  fields.  In  an 
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Figure  2.  MPL  spectra  in  (GaAs)i7(AIAs)17  under  a 
simultaneous  application  of  high  magnetic  fields  and  high 
pressure  (0.29  GPa). 


Figure  3.  Phase  diagram  of  the  type  I  to  type  II  transition 
in  (GaAs)m(AIAs)„  superlattices  with  various  (m,  n)  on  a 
pressure-magnetic  field  plane. 

n  =  19  sample  whose  transition  pressure  is  pc  =  0.40  GPa, 
and  an  n  =  15  sample  with  pc  =  0.03  GPa,  qualitatively 
similar  behaviour  was  observed.  Figure  3  shows  the  phase 
diagram  of  the  type  I  to  type  II  transition  point  on  a  field- 
pressure  plane.  The  gradient  of  the  lines  are  almost  parallel 
with  each  other  indicating  nearly  the  same  effective  mass 
of  excitons  and  the  same  pressure  coefficient  between  the 
samples. 

The  position  of  an  exciton  line  at  a  field  above  Bc 
deviates  from  the  type  I  line  due  to  the  T-X  mixing. 
The  intensity  diminishes  due  to  the  decrease  of  the  carrier 
density  at  the  T  point  in  the  type  II  regime.  These  general 
aspects  are  common  for  n  =  15,  17  and  19.  On  the 
other  hand,  very  different  behaviour  was  observed  in  the 


Figure  4.  Diamagnetic  shift  of  excitons  in  (GaAs)14(AIAs)6 
at  various  pressures.  The  inset  shows  the  MPL  spectra  at 
p  =  0.49  GPa.  7  =  4.2  K. 

(GaAs)]4(AlAs)6  (14,  6)  sample.  Figure  4  shows  the 
diamagnetic  shift  of  the  exciton  below  pc  =  0.52  GPa 
(p  =  0.49  GPa),  and  above  pc  (p  =  0.54  GPa  and 
0.57  GPa).  Above  pc,  the  exciton  shows  the  relatively 
small  diamagnetic  shift  which  is  characteristic  of  the  type  II 
exciton.  At  an  ambient  pressure,  the  diamagnetic  shift  is 
relatively  large,  corresponding  to  the  exciton  at  the  T  point. 
At  p  =  0.49  GPa,  the  magnetic-field-induced  type  I  to 
type  II  transition  occurs.  Namely,  the  diamagnetic  shift 
changes  its  gradient  from  being  T-like  to  being  X-like  at 
around  20  T.  Comparing  this  with  the  n  =  15,  17  and 
19  samples  mentioned  above,  a  remarkable  difference  is 
that  with  increasing  field,  the  exciton  character  continuously 
changes  from  T-like  to  X-like  at  the  transition  field.  The 
intensity  does  not  show  significant  change  even  after  the 
transition.  The  difference  in  the  behaviour  between  the  two 
types  of  sample  probably  originates  from  the  difference  in 
the  magnitude  of  the  T-X  mixing.  In  the  (14,  6)  sample, 
the  mixing  is  large  because  of  the  thin  AlAs  layers,  so  that 
the  X-like  exciton  has  a  large  oscillator  strength  after  the 
transition,  whereas  in  samples  with  n  >  15,  the  oscillator 
strength  of  the  X-like  exciton  decreases  as  the  field  is 
increased  apart  from  at  the  transition  field.  The  intensity  of 
the  T-like  exciton  diminishes  above  the  transition  because 
of  the  small  population. 

4.  CR  in  GaAs/AIAs 

Cyclotron  resonance  was  measured  in  doped  samples  with 
n  =  8-16  in  fields  up  to  150  T  produced  by  the  single¬ 
turn  coil  technique.  Figure  5  shows  the  CR  traces  for  these 
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Figure  5.  CR  in  (GaAs)„(AIAs)n  superlattices. 

samples  at  a  wavelength  of  23  /i m  (hto  —  54  meV)  [14]. 
Two  resonance  lines  were  observed.  The  peaks  labelled  T 
are  associated  with  the  T  point  and  those  labelled  X  with  the 
X  point.  The  F  peak  is  observed  for  n  >  15  and  the  X-peak 
is  observed  for  n  <  14.  This  indicates  that  with  varying  n, 
the  type  I  to  type  II  transition  takes  place  at  around  n  =  14 
at  ~30  K.  The  effective  masses  for  the  F  and  the  X  peaks 
are  mr  =  0.053mo  and  mx  =  0.193mo  respectively.  As 
the  temperature  is  increased,  the  effective  mass  was  found 
to  increase.  This  fact  implies  that  the  transition  between 
the  donor  levels  has  an  effect  at  low  temperatures. 

When  we  tilted  the  magnetic  field  from  the  normal 
direction,  we  found  that  the  peak  from  the  X  exciton  shifts 
to  the  higher  field.  Figure  6  shows  the  angular  dependence 
of  the  X-peak  position  of  the  CR  [13],  It  should  be  noted 
that  the  dependence  is  not  cosine-like  for  n  —  8,  whereas 
it  almost  obeys  the  cosine  law  for  n  =  14.  This  indicates 
that  for  the  former  sample,  the  cyclotron  energy  is  so  large 
that  it  becomes  comparable  with  the  subband  separation. 
In  such  a  situation,  the  Landau  levels  are  mixed  with  the 
higher  subband.  In  fact,  for  n  =  14,  the  interval  between 
N  =  1  and  N  =  2  subbands  is  estimated  to  be  44  meV, 
which  is  very  close  to  the  cyclotron  energy. 

The  resonance  peaks  at  low  temperatures  are  attributed 
to  the  impurity  transitions  which  appear  at  slightly  lower 
fields  than  CR.  We  can  estimate  the  difference  between 
the  impurity  transition  and  the  CR  to  be  9.4  meV.  Taking 
account  of  this  difference,  the  effective  masses  were 
obtained  from  the  angular  dependence;  mt  =  0.21  m0  and 
mi  =  1.04 m0  for  the  X-point  resonance.  This  results  in 
(m;mf)1/2  =  0.47m0,  which  is  in  very  good  agreement  with 
the  result  of  CR  for  bulk  AlAs  [16]. 

For  n  =  16,  two  peaks  were  observed  at  a  wavelength 
of  23  jum,  corresponding  to  the  T  exciton  and  the  X  exciton. 


Figure  6.  Angular  dependence  of  the  CR  peak  position  at 
the  X  point  in  (GaAs)8(AIAs)8  and  (GaAs)14(AIAs)14. 


Figure  7.  CR  spectra  in  (GaAs)n(AIAs)„  (n  =  12  and  16) 
up  to  400  T  produced  by  electromagnetic  flux  compression. 

This  suggests  that  the  magnetic-field-induced  type  I  to 
type  II  transition  takes  place  at  about  60  T  for  n  —  16. 
In  order  to  obtain  better  evidence  for  the  transition,  we 
measured  the  CR  at  higher  fields  up  to  400  T,  using  the 
electromagnetic  flux  compression.  Figure  7  shows  the  CR 
spectra  at  129  meV  (A.  =  9.61  gm)  for  n  =  12  and  n  —  16. 
It  should  be  noted  that  only  the  CR  peak  from  the  T  point 
is  observed  for  n  =  16,  whereas  only  the  X-point  peak 
is  observed  for  n  =  12.  The  effective  masses  obtained 
from  the  peak  positions  are  m*r  =  0.  0809mo  at  76  K 
and  mp  =  0.0756«z0  at  34  K  for  n  =  16,  and  m*x  =  0. 
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244 m o  at  104  K  and  m*x  =  0.226mo  at  28  K  for  n  —  12. 
According  to  the  difference  in  the  effective  mass  between 
the  T  point  and  the  X  point,  and  to  the  experiments  up  to 
150  T,  we  should  have  observed  the  CR  peak  at  the  X  point 
for  n  =  16  in  the  traces.  The  absence  of  the  X-resonance 
peak  in  the  data  in  figure  7  indicates  that  the  type  I  to  type  II 
transition  in  the  n  =  16  sample  is  somehow  suppressed  in 
this  experiment  with  very  high  fields. 

One  possible  explanation  for  the  absence  of  the 
transition  is  that  the  relaxation  time  of  the  electron  transfer 
between  the  T  and  X  valleys  is  long  in  comparison 
with  the  sweep  of  the  magnetic  field  generated  by 
the  electromagnetic  flux  compression  (~200  T  £ts-1). 
However,  it  is  difficult  to  explain  the  absence  of  the  CR 
peak  by  the  relaxation  time  of  the  conduction  electron 
alone,  because  the  cross-over  effect  was  well  observed 
in  the  case  of  MPL  (figure  1),  which  ensures  sufficiently 
fast  relaxation.  Another  possibility  is  that  the  cross-over 
occurs  first  between  the  conduction  band  at  the  T  point 
and  the  deep  donor  levels  at  the  X  point  or  the  DX  states 
[17J.  These  states  will  act  as  a  carrier  reservoir  with  long 
time  constants,  so  that  the  CR  at  the  X  point  may  not  be 
observed.  More  experimental  study  is  necessary  to  clarify 
the  participation  of  the  DX  centre,  employing  the  subband 
gap  light  illumination. 

5.  Conclusions 

We  have  investigated  the  magnetic-field-induced  T-X 
cross-over  and  the  type  I  to  type  II  transition  in 
(GaAs)m(AlAs)„  short-period  superlattices  by  means  of 
magneto-photoluminescence  and  cyclotron  resonance  (CR) 
under  very  high  magnetic  fields.  In  the  MPL  spectra,  the 
field-induced  transition  was  observed  as  a  discontinuity 
of  the  diamagnetic  shift  and  a  decrease  of  the  MPL 
intensity  with  the  simultaneous  application  of  high  pressure. 
The  characteristics  of  the  discontinuity  at  the  transition 
were  found  to  be  different  depending  on  the  barrier  layer 
thickness. 

In  the  CR  spectra,  the  CR  peaks  corresponding  to  the 
conduction-band  minima  at  the  X  point  were  observed  in 
samples  with  the  number  of  monolayers  n  smaller  than  15. 
As  the  temperature  was  lowered,  the  peak  position  was 


found  to  shift  to  lower  fields  due  to  the  contribution  of 
the  impurity  transition.  From  the  angular  dependence  of 
the  peak  position,  the  effective  masses  at  the  X  point  were 
determined.  In  the  CR  spectra  with  a  photon  energy  of 
129  meV  up  to  400  T  for  a  sample  with  n  —  16,  the  CR 
peak  at  the  X  point  was  not  discernible  at  an  expected  field 
around  260  T,  which  is  far  beyond  the  T-X  cross-over 
field. 
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Abstract.  We  have  measured  the  rectification  of  far-infrared  radiation  resonant 
with  the  lowest  intersubband  transition  of  an  AIGaAs/GaAs  asymmetric  coupled 
double-quantum  well  in  which  the  subband  spacing  is  1 1  meV.  From  these 
measurements  we  can  extract  an  intersubband  lifetime  of  1 .2  ±  0.4  ns  at  low 
excitation  intensity  and  T  =  10  K,  which  appears  promising  for  devices  such  as  FIR 
detectors  or  mixers  which  can  operate  at  low  excitation  and  temperature.  In  order 
to  investigate  the  effect  of  carrier  concentration  on  the  relaxation  time  we  have 
performed  the  same  experiments  in  a  logarithmically  graded  quantum  well. 


1.  Introduction 

The  recent  development  of  a  mid-infrared  intersubband 
laser  has  encouraged  the  study  of  the  possibility  of  an 
intersubband  laser  in  the  far-infrared  spectral  region  which 
has  a  great  demand  for  semiconductor  radiation  sources  [1], 
The  most  important  parameter  for  such  devices,  as  well 
as  for  detectors,  is  the  intersubband  relaxation  time  (T|). 
We  have  measured  this  time  using  a  new  experimental 
technique  based  on  the  strong  nonlinear  susceptibility 
of  an  asymmetric  double  quantum  well.  Simultaneous 
measurements  of  the  rectification  of  far-infrared  radiation 
resonant  with  the  intersubband  transition  and  of  the 
intersubband  absorption  enable  the  determination  of  the 
intensity-dependent  relaxation  time.  Optical  rectification 
is  the  static  polarization  produced  by  difference-frequency 
mixing  of  a  harmonic  electric  field  £  (a>)  with  itself  through 
the  second-order  susceptibility.  In  asymmetric  quantum 
wells  this  static  polarization  is  observed  for  intersubband 
transitions,  because  the  expected  value  of  the  position  of 
an  electron  in  an  excited  state  and  in  the  ground  state  are 
different 

£(2)(0)  =  xSL  a)E{»)E{to)  =  -e(n2  -  n°)(z2.2  -  zu) 

(1) 

where  n2  is  the  population  in  the  second  subband,  n®  's  the 
equilibrium  population  in  the  second  subband  and  Zij  is 
the  dipole-matrix  element  between  states  i  and  j . 


2.  Experiment 

The  coupled  GaAs  quantum  wells  in  our  heterostructure 
are  85  A  and  73  A  wide,  separated  by  a  Alo.3Gao.7As 
barrier  25  A  wide  (see  figure  1(a)).  The  expectation  value 
for  the  electrons  in  the  ground  state  is  larger  in  the  wide 
well  and  that  for  the  electrons  in  the  first  excited  state  is 
larger  in  the  narrow  well  (see  figure  1,  0  V  gate  bias). 
The  lowest  electron-subband  spacing  was  measured  to  be 
E2  —  E\  =  11  meV  using  photoluminescence.  Energies 
of  the  higher  subbands  £3  —  E\  =  110  meV  and  £4  — 
E\  =  156  meV  were  obtained  from  a  self-consistent  model 
described  below.  The  measurements  described  below  were 
performed  near  resonance  with  hv  £2  —  £, .  Under  these 
conditions  the  heterostructure  may  be  approximated  as  a 
two-subband  system.  At  low  temperatures  ( T  <  50  K),  the 
zero-bias  charge  density  obtained  by  Hall  measurements  is 
Ns  =  2  x  1011  cm-2  and  the  electron  in-plane  mobility  is 
/i  =  1  x  10s  cm2  V_I  s_1.  In  this  paper  we  have  performed 
a  comparative  study  of  the  relaxation  in  the  double  quantum 
well  and  in  a  logarithmically  graded  quantum  well.  The 
wide  graded  logarithmic  well  was  designed  with  the  specific 
goal  of  a  widely  tunable  FIR  response.  The  1455  A 
logarithmic  well  was  constructed  from  a  15  A  period 
GaAs/AlGaAs  digital  alloy  superlattice,  with  the  average 
A1  composition  x  per  period  varied  so  that  the  logarithmic 
shape  was  achieved.  Use  of  a  surface  gate,  an  epitaxially 
grown  backgate,  and  contacts  to  the  electron  gas  in  the 
quantum  well  allow  independent  control  of  the  absorption 
frequency  and  of  the  carrier  concentration  Ns  [2]. 
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Figure  1.  (a)  Conduction  band  diagram  for  the  coupled 
double  well  for  different  gate  bias  voltages.  The  envelope 
wavefunctions  for  the  first  and  second  subband  are  shown 
(their  vertical  positions  are  not  drawn  to  scale). 

(b)  Intersubband  absorption  frequency  as  a  function  of  gate 
bias. 

The  absorption  spectrum  of  the  double  well  consists  of  a 
single  line  with  an  approximately  Lorentzian  lineshape,  and 
the  peak  position  can  be  tuned  between  14.5  and  10  meV 
(115  cm-1-80  cm-1)  with  gate  bias  (see  figure  1(b)).  At 
0  V  bias  the  peak  position  is  hco\,2  =  14.3  meV  (115  cm-1), 
and  the  full-width  at  half  maximum  is  0.55  meV.  The 
difference  between  the  energy  of  the  absorption  resonance 
and  the  subband  spacing  is  due  to  the  depolarization 
shift.  Resonant  harmonic  generation  measurements  on  this 
structure  have  been  reported  elsewhere  [3], 

Our  optical  rectification  experiments  employ  the  UCSB 
Free-Electron  Laser  (FEL)  as  a  far-infrared  pump.  The 
laser  was  tuned  to  produce  5  /zs  pulses  of  103  cm-1 
radiation  at  a  1.5  Hz  repetition  rate.  The  FIR  uniformly 
illuminates  the  edge  of  our  sample,  which  is  mounted 
in  a  variable-temperature  cryostat.  Optical  rectification 
is  observed  as  a  laser-induced  voltage  between  the  gate 
and  the  quantum  well,  because  the  expected  value  of  the 
position  of  an  electron  in  an  excited  state  and  the  ground 
state  are  different.  The  impedance  of  the  detection  circuit 
and  of  the  gate  bias  voltage  source  was  high  to  ensure 
that  the  time  constant  was  longer  than  the  pulse  width. 
Radiation  transmitted  through  the  sample  is  focused  onto 
a  4.2  K  bolometer,  so  that  intersubband  absorption  and 
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Figure  2.  Optical  rectification  and  transmission  in  the  linear 
regime  (T  =  10  K,  /  =  0.5  W  cm-2).  Full  curves  are 
calculated  from  theory  (see  text). 


optical  rectification  can  be  measured  simultaneously.  We 
investigated  resonant  effects  by  tuning  the  intersubband 
absorption  resonance  through  the  laser  frequency  with  gate 
bias.  Optical  rectification  in  step  quantum  wells  in  the 
mid-infrared  has  been  suggested  and  recently  observed  by 
Rosencher  et  al  [4]. 

3.  Results  and  discussion 

Figure  2  shows  the  amplitude  of  the  optical  rectification 
and  the  FIR  transmission  of  the  double  well  as  a  function  of 
gate  bias,  measured  at  T  =  10  K  and  at  a  laser  intensity  of 
0.5  W  cm-2.  A  resonance  in  the  rectification  occurs  when 
the  intersubband  absorption  frequency  is  tuned  through 
the  laser  frequency  at  Va  =  —0.8  V,  indicating  that  the 
rectification  is  associated  with  the  intersubband  transition. 

We  have  calculated  the  energies  and  envelope  functions 
of  electrons  at  the  subband  minima  in  our  double 
well  by  self-consistently  solving  the  Schrodinger  and 
Poisson  equations  within  the  effective-mass  approximation. 
Temperature  effects  were  included  by  allowing  thermal 
population  of  higher  subbands.  This  model,  together 
with  the  dephasing  time  determined  from  the  lincwidth 
of  the  absorption  resonance,  allows  us  to  calculate  the 
FIR  transmission  and  optical  rectification  of  our  sample 
(figure  2,  full  curves),  and  we  find  a  good  agreement  with 
the  experiment. 

Figure  3(a)  shows  the  sensitivity  (rectified  volt¬ 
age/intensity)  and  the  intersubband  absorption  at  resonance 
as  a  function  of  pump  intensity  at  T  —  10  K.  At  low  inten¬ 
sities  the  sensitivity  and  the  absorption  are  constant.  The 
rectified  signal  starts  to  saturate  (the  sensitivity  decreases) 
at  about  1  W  cm-2  and  the  absorption  coefficient  starts  to 
decrease  at  about  200  W  cm-2.  The  saturation  behaviour 
of  both  the  rectified  signal  and  the  absorption  is  described 
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Figure  3.  (a)  S0Pr  (rectified  voltage  divided  by  intensity) 
and  intersubband  absorption  coefficient  versus  pump 
intensity,  measured  at  T  =  10  K.  ( b )  Intersubband 
scattering  rate  calculated  from  these  data. 


by  the  rate  equations  of  a  two-level  system.  The  intensity- 
dependent  rectified  signal  is  then  given  by 


AVopr  =  — —(Z2.2  ~  Zu)An°h 2~-~~ 
£  rlCO 


'  /ctJjV1 


and  the  intensity-dependent  absorption  coefficient  is 

,  -1 


a(I)  =  An°l  2^  ^ 


IoT]  Y 

1+2^r) 


(2) 


(3) 


where  a  is  the  linear  absorption  cross  section,  A n°l  2  is 
the  difference  between  the  equilibrium  populations  of  the 
first  and  second  subbands,  I  is  the  intensity  of  the  pump 
beam  and  a  is  the  thickness  of  the  sample.  Fitting  the 
magnitude  of  the  rectification  voltage  (equation  (2))  to  the 
experiment  yields  an  intersubband  lifetime  7)  =  1.2  ± 
0.4  ns.  This  simple  fit,  however,  does  not  explain  the 
intensity  dependence  for  intermediate  power  levels  very 
well,  which  indicates  that  the  assumption  of  a  constant 
relaxation  time  is  not  suitable  for  all  intensities.  The 
obtained  lifetime  is  longer  than  the  calculated  lifetime 
of  T\  =  215  ps  we  obtain  from  Ferreira  and  Bastard’s 
simple  model  for  the  acoustic-phonon  scattering  rate  in  our 
structure  [5].  In  a  wide  modulation  doped  square  well  Craig 
et  al  have  also  found  relaxation  times  in  the  nanosecond 
range  [6],  Since  the  intersubband  excitation  is  in  fact  a 
collective  excitation,  the  relaxation  of  a  collective  mode 
has  to  be  treated  in  a  different  way  from  the  single-particle 
relaxation.  This  many-body  effect  can  reduce  the  relaxation 
rate  [7]. 

The  different  saturation  behaviour  of  the  rectified  signal 
and  of  the  absorption  coefficient  indicates  that  the  relaxation 
time  is  intensity  dependent.  This  intensity  dependence  has 
not  been  considered  in  any  other  experiment.  Moreover, 


-1.6  -1.2  -0.8  -0.4  0 

Figure  4.  Upper  part:  z2i2  -  z'i.i  as  a  function  of  gate  bias 
voltage  as  obtained  from  a  self-consistent  calculation. 
Lower  part:  crosses  show  the  measured  rectified  voltage 
versus  gate  voltage  for  an  intensity  of  /  =  45  W  cm-2  at 
T  =  10  K.  The  full  curve  shows  a  calculation  using  the 
parameters  of  our  self-consistent  simulation  and 
7,  =1.2  ns. 


most  experimental  results  are  derived  from  nearly  saturated 
systems.  However,  the  intensity-dependent  relaxation  time 
can  be  obtained  directly  from  the  ratio  between  rectified 
signal  and  the  absorption  coefficient  (see  equations  (2)  and 
(3))  [8] 

T  =  V°prW  Bheo 
1  Ia(I)  4ne{z2,2-  z\,\)a' 

Therefore,  simultaneous  measurements  of  optical 
rectification  and  intersubband  absorption  can  determine  7) 
over  a  wide  range  of  conditions,  including  low  intensities 
within  the  linear  regime.  The  intersubband  lifetime  depends 
strongly  on  intensity  (figure  3(b)).  In  the  linear  regime 
we  measure  T\  —  1.2  ns  (consistent  with  the  result  of 
the  fit  only  to  the  rectified  signal),  while  in  the  strongly 
saturated  regime  (1  =  2  kW  cm-2)  we  find  T\  =  15  ps. 
This  intensity  dependence  helps  to  explain  the  large  scatter 
of  experimentally  obtained  values  for  the  relaxation  time 
below  the  optical  phonon  interaction.  Most  experiments 
were  done  at  high  intensities  resulting  in  short  Tis,  except 
that  by  Faist  et  al  which  also  reports  quite  long  relaxation 
times  [9].  Although  pump  and  probe  experiments  have  the 
advantage  of  direct  determination  of  7)  without  the  need 
for  an  absolute  intensity  calibration,  their  drawback  is  that 
these  experiments  have  to  be  performed  at  high  intensities 
with  a  significant  saturation.  The  low-power  limit  is 
not  accessible  in  pump  and  probe  experiments.  Thus, 
Murdin  et  al  observed  a  relaxation  time  of  about  50  ps 
in  a  homogeneously  5  x  1015  cm-3  doped  multi-quantum 
well  [10].  This  value  has  to  be  compared  with  our  results 
at  intermediate  and  high  pump  intensities.  We  suggest  two 
mechanisms  for  the  reduction  in  lifetime  at  high  intensities. 
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Figure  5.  Left:  band  diagram  of  the  logarithmically  graded  quantum  well.  Right:  optical  rectification  and  transmission  in  the 
linear  regime  (T  =  10  K,  /  =  0.5  W  cm-2). 


First,  the  electron-electron  intersubband-scattering  rate  is 
predicted  to  depend  strongly  on  the  population  in  the  second 
subband.  If  this  mechanism  controls  the  relaxation,  the 
lifetime  will  decrease  as  the  excited  state  is  populated 
through  absorption.  (At  highest  intensities  the  population 
in  the  first  excited  subband  reaches  50%  of  the  total 
electron  concentration.)  Second,  the  excitation  by  the 
pump  should  heat  the  electron  gas.  In  view  of  the  strong 
temperature  dependence  of  the  scattering  rate,  a  reduction 
in  the  intersubband  lifetime  at  high  pump  intensities  is 
expected  due  to  heating. 

Figure  4  shows  in  the  lower  part  the  rectified  signal  as 
function  of  applied  bias  at  an  intensity  (/  =  45  W  cm-2) 
which  is  higher  than  the  resonant  saturation  intensity  (/  > 
7S)  assuming  T\  =  1.2  ns.  The  power  broadening  of 
the  rectified  signal  is  apparent  from  a  comparison  with 
figure  2.  At  a  gate  bias  of  Vg  =  -1.3  V  a  sign  change 
of  the  rectified  signal  occurs.  This  sign  change  of  the 
rectified  signal  can  only  be  explained  by  a  sign  change  of 
Zi,2  —  Z\ ,  i .  The  upper  part  of  figure  4  shows  the  dependence 
of  Z2,2  —  Z],i  obtained  from  our  simulations.  The  calculated 
sign  change  of  Z2.2— Z1.1  and  of  the  measured  rectified  signal 
correspond  very  well.  The  reason  for  this  sign  change  is 
that  the  centre  of  the  wavefunctions  switch  between  the 
wells  at  Vg  =  — 1.3  V.  This  is  also  evident  from  figure  1 
where  the  wavefunctions  are  shown.  For  Vg  =  0  V,  and 
Vg  =  —0.68  V  the  centre  of  the  wavefunction  of  the  lowest 
subband  is  in  the  wide  well.  At  Vg  =  —1.6  V  the  centre 
of  this  wavefunction  is  centred  in  the  narrow  well.  The 
symmetry  of  the  wavefunction  of  the  second  subband  is 
not  influenced  by  gate  bias. 

In  addition,  we  have  used  equation  (5)  to  calculate  the 
rectified  signal  at  this  intensity  as  a  function  of  gate  bias 
(see  the  full  curve  in  the  lower  part  of  figure  4).  The  overall 
agreement  with  the  experimental  data  is  good.  There  are 
slight  discrepancies  for  the  lineshape  of  the  resonance.  We 
think  these  are  caused  by  an  intensity-dependent  relaxation 


time,  and  a  theoretical  value  for  22,2  —  Z\,\  at  low  negative 
bias  voltage  which  is  too  large. 

In  order  to  investigate  the  effect  of  carrier  concentration 
Ns  on  the  relaxation  time  we  performed  the  same 
experiments  in  a  logarithmically  graded  quantum  well. 
Using  the  advanced  backgate  technique  of  the  logarithmic 
well  we  were  able  to  change  the  carrier  concentration 
while  keeping  the  absorption  frequency  constant.  The 
results  from  the  logarithmic  well  show  a  considerable  strong 
rectified  signal  (figure  5).  The  resonance  frequency  is 
tunable  between  35  cm-1  and  125  cm-1  by  the  gate  voltage, 
demonstrating  that  this  structure  operates  as  widely  voltage 
tunable  FIR  ‘photo’ -detector. 

The  measurements  at  different  carrier  concentrations 
at  fixed  absorption  frequency  show  that  the  integrated 
absorption  increases,  which  is  expected  (figure  6). 
However,  the  rectified  signal  decreases  with  increasing 
carrier  concentration.  The  evaluated  corresponding 
relaxation  times  are  shorter  than  that  of  the  double  well. 
This  difference  can  be  caused  by  alloy  scattering  in  the 
logarithmic  well.  The  dependence  on  carrier  concentration 
shows  a  decrease  with  increasing  carrier  concentration 
from  300  ps  at  Ns  =  5  x  1010  cm-2  to  25  ps  at  Ns  = 
2  x  10n  cm-2.  This  behaviour  is  also  true  at  very  low 
intensities  where  we  expect  no  heating  of  the  electron 
gas.  Therefore,  we  can  conclude  that  the  electron-electron 
scattering  increases  the  relaxation,  and  the  assumption  that 
the  relaxation  is  slowed  down  by  the  collective  mode  is 
not  supported.  At  higher  intensities  we  cannot  separate 
the  influence  of  electron-electron  scattering  from  a  heating 
effect  of  the  electron  gas  since  the  increased  absorption 
at  higher  carrier  concentrations  causes  more  power  to  be 
absorbed  giving  rise  to  stronger  heating. 

In  summary,  we  have  observed  resonant  optical 
rectification  in  our  coupled  quantum  well.  From 
simultaneous  measurements  of  the  rectified  voltage  and  of 
the  absorption  we  can  extract  the  intersubband  lifetime  as  a 
function  of  intensity.  At  low  intensities  the  lifetime  is  1.2± 
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Figure  6.  Charge  density  dependence  of  the  relaxation 
rate  in  a  logarithmically  graded  quantum  well. 

0.4  ns  at  T  =  10  K  which  appears  promising  for  devices 
which  can  operate  at  low  excitation  and  temperature,  such 
as  FIR  detectors  or  mixers.  At  high  intensities  the  lifetime 
reduces  to  15  ps  at  2  kW  cm-2  which  is  still  an  order  of 
magnitude  larger  than  the  lifetime  for  intersubband  energies 
above  the  optical  phonon  energy.  The  results  of  the 
logarimthmic  well  show  that,  based  on  optical  rectification, 
a  widely  electric  field  tunable  FIR  detector  can  be  realized. 
In  addition,  we  have  shown  that  the  electron-electron 
scattering  increases  the  intersubband  relaxation  time. 


□ 

□  ' 

□ 


Acknowledgments 

The  authors  would  like  to  thank  the  staff  at  the  Center 
for  Free-Electron  Laser  Studies,  J  R  Allen,  D  Enyeart,  J  P 
Kaminsky,  G  Ramian  and  D  White.  Funding  for  the  Center 
for  Free-Electron  Laser  studies  is  provided  by  the  Office  of 
Naval  Research. 


References 

[1]  Faist  J,  Capasso  F,  Sivco  D  L,  Sitori  C,  Hutchinson  A  L 

and  Cho  A  Y  1994  Science  264  553-6 

[2]  Hopkins  P  F,  Campman  K  L,  Bellomi  G,  Gossard  A  C, 

Sundaram  M,  Yuh  E  L  and  Gwinn  E  G  1994  Appl.  Phys. 
Lett.  64  348 

[3]  Heyman  J  N,  Craig  K,  Galdrikian  B,  Campman  K,  Hopkins 

P  F,  Fafard  S,  Gossard  A  C  and  Sherwin  M  S  1994 
Phys.  Rev.  Lett.  72  2183-6 

[4]  Rosencher  E,  Bois  P,  Costard  E,  Delaitre  S  and  Nagle  J 

1989  Appl.  Phys.  Lett.  55  1597 

[5]  Ferreira  R  and  Bastard  G  1989  Phys.  Rev.  B  40  1074 

[6]  Craig  K,  Galdrikian  B,  Heyman  J  N,  Markelz  A  G, 

Sherwin  M  S,  Campman  K,  Hopkins  P  F  and  Gossard 
A  C  Phys.  Rev.  Lett,  at  press 

[7]  See,  for  example,  Nozieres  P  and  De  Dominicis  C  T  1969 

Phys.  Rev.  178  1097 

[8]  Heyman  J  N,  Unterrainer  K,  Craig  K,  Galdrikian  B, 

Sherwin  M  S,  Campman  K,  Hopkins  P  F  and  Gossard 
A  C  1995  Phys.  Rev.  Lett.  74  2682 

[9]  Faist  J,  Sitori  C,  Capasso  F,  Pfeiffer  L  and  West  K  1994 

Appl.  Phys.  Lett.  64  872 

[10]  Murdin  B  N,  Knippels  G  M  H,  van  ser  Meer  A  F  G, 

Pidgeon  C  R,  Langerak  C  J  G  M,  Helm  M,  Heiss  W, 
Unterrainer  K,  Gomik  E,  Geerinck  K  K,  Hovenier  N  J 
and  Wenckebach  W  T  1994  Semicond.  Sci.  Technol.  9 
1554 


1595 


Semicond.  Sci.  Technol.  11  (1996)  1596-1600.  Printed  in  the  UK 


Virtual  states,  dynamic  localization, 
absolute  negative  conductance  and 
stimulated  multiphoton  emission  in 
semiconductor  superlattices 


B  J  Keayf,  C  Aversaf,  S  Zeunerf,  S  J  Allen  Jrj,  K  L  Campmanf, 
K  D  MaranowskiJ,  A  C  Gossard$,  U  Bhattacharya§  and 
M  J  W  Rodwell§ 

t  Center  for  Free-electron  Laser  Studies,  UCSB,  Santa  Barbara,  CA  93106,  USA 
t  Materials  Department,  UCSB,  Santa  Barabara,  CA  93106,  USA 
§  Department  of  Electrical  and  Computer  Engineering,  UCSB,  Santa  Barbara, 

CA  93106,  USA 


Abstract.  We  report  the  observation  of  dynamic  localization,  absolute  negative 
conductance  (ANC)  and  multiphoton  stimulated  emission  in  sequential  resonant 
tunnelling  semiconductor  superlattice  bow-tie  antenna  coupled  to  intense  terahertz 
electric  fields.  Perhaps  the  most  remarkable  observation  is  that  with  increasing 
terahertz  field  strength  the  conductance  near  zero  d.c.  bias  decreases  towards 
zero  and  then  becomes  negative.  The  results  presented  here  compare  favourably 
with  a  model  in  which  virtual  states,  familiar  from  nonlinear  optics,  take  a  role 
similar  to  the  unperturbed  quantum  well  states. 


In  this  paper  we  report  the  observation  of  dynamic 
localization,  absolute  negative  conductance  (ANC)  [1,2] 
and  multiphoton  stimulated  emission  in  multi-quantum 
well  semiconductor  superlattices.  We  believe  that  the 
observations  reported  here  are  due  to  photon-assisted 
tunnelling  (PAT)  between  the  ground  states  of  neighbouring 
quantum  wells.  This  result  is  particularly  surprising 
because  it  was  believed  that  a  ladder  of  levels,  the  ground 
states  of  superlattice  quantum  wells  in  an  applied  electric 
field,  are  all  equally  populated  and  therefore  offer  no  net 
coupling  to  the  photon  field  [3], 

Photon-assisted  tunnelling  (PAT),  a  well  established 
phenomenon  describing  quasi-particle  tunnelling  in  super¬ 
conducting  electronics,  was  first  described  theoretically  in 
1963  by  Tien  and  Gordon  [4].  They  showed  that  a  solution 
to  Schrodinger’s  equation  could  be  found  in  the  case  of  an 
electron  in  a  superconducting  tunnelling  junction  coupled  to 
an  a.c.  electric  field.  More  specifically,  if  the  perturbation, 
eV  cos  cot,  is  defined  to  be  the  applied  potential  difference 
between  two  superconducting  films,  then  the  relevant  solu¬ 
tion  to  Schrodinger’s  equation  was  shown  to  be 

OO 

\a(t))  =  \a)  {J„(.ct)cxp[-HEa+riha>)t/h]}  (1) 

n=— oo 

where  V  is  a  constant,  a  =  eV /hu>  and  Jn(a)  are  Bessel 
functions.  Here,  for  purposes  of  discussion,  we  will 
consider  two  quantum  well  states.  The  state  | a)  we  will 


assume  to  be  primarily  localized  in  the  left  well  with  an 
unperturbed  energy  Ea  and  the  state  | b)  we  will  assume  to 
be  localized  in  the  right  well  with  unperturbed  energy  Ey, 
(see  figure  1).  From  their  model  Tien  and  Gordon  (TG) 
were  able  to  explain  qualitative  features  of  photon-assisted 
tunnelling  (PAT)  currents  observed  in  superconducting 
diodes  [4-6].  The  TG  model,  in  some  sense,  is  the 
‘standard  model’  of  PAT  and  has  been  used  extensively  to 
describe  PAT  in  other  systems  [7-23].  Experimentally,  PAT 
has  also  emerged  recently  in  transport  in  semiconductor 
superlattices  [24-27],  multiple  quantum  wells  [28, 29],  and 
nanostructures  [30-32]  in  the  presence  of  high-frequency 
fields.  Some  of  the  more  recent  observations  include 
multiphoton-assisted  tunnelling  and  PAT-induced  electric 
field  domains  [27],  Some  of  these  results  [6,25,27]  lend 
support  to  the  main  prediction  of  their  model,  namely  the 
Bessel  function  dependence  of  the  PAT  channels. 

The  model  of  Tien  and  Gordon  is  also  interesting 
because  it  assumes  that  virtual  states  [33-39],  which  are 
usually  neglected  in  standard  perturbative  approaches,  are 
the  dominant  contribution  to  the  PAT  current.  By  a 
virtual  state  we  mean  a  state  that  has  the  same  spatial 
wavefunction,  (r\a),  as  the  unperturbed  state,  | a),  but  has 
associated  energy  that  differs  from  the  unperturbed  energy, 
Ea,  by  some  amount  A  E.  Here,  we  are  interested  in  the 
special  case  that  the  virtual  states  are  situated  at  energies 
given  by  Ea  +  riha>. 

From  perturbation  theory,  we  can  write  the  perturbed 
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Figure  1.  The  two  quantum  wells  separated  by  a  barrier. 


state  as  [39] 

\a(t))  =  ^{(/«(a)  +  A„)exp[-i(£a  +  nhco)t /h]\a) 

+Bn  exp[-i(£a  +  nhco)t /Ti]\b)}  (2) 

where  now  a  —  ( a\eV\a)/ha> ,  and  V  is  no  longer 
restricted  to  being  a  constant.  It  is  important  to  note 
that,  in  addition  to  the  Bessel  function  contribution  of 
Tien  and  Gordon  [4]  to  the  perturbed  state,  we  have  two 
additional  coefficients,  An  and  Bn.  These  coefficients 
contain  terms  that  include  at  least  one  matrix  element  of 
the  form  (b\eV\a)  and/or  ( b\eV\b ).  Furthermore,  it  can  be 
seen  that  the  Bessel  functions  contain  no  matrix  elements 
connecting  the  state  | a)  to  the  state  \b)\  they  only  contain 
the  transition  matrix  element  ( a\eV\a ).  Thus,  equation  (1) 
corresponds  to  a  quantum  mechanical  sum  over  virtual 
states,  and  the  approach  of  Tien  and  Gordon  is  equivalent 
to  neglecting  the  coupling  between  the  quantum  wells;  then 
after  obtaining  expressions  for  the  perturbed  states,  the 
coupling  between  the  wells  is  introduced  as  an  a.c.  field- 
independent  tunnelling  probability,  Tab ■  The  n-photon- 
assisted  probability  is  then  given  by  J2{a)Tab,  which  we 
will  use  later  in  describing  the  observation  of  dynamic 
localization  and  ANC. 

At  this  point  the  reader  might  be  alarmed  by  the 
fact  that  it  is  the  coefficient  Bn,  that,  at  lowest  order 
in  perturbation  theory,  yields  Fermi’s  golden  rule  for  the 
photon-assisted  transition  between  \a)  and  | b).  Thus, 
theories  that  retain  only  the  Bessel  functions  neglect  a 
class  of  transitions  which  are  not  restored  by  introducing 
the  tunnelling  probability,  Tab.  Nevertheless,  the  approach 
of  Tien  and  Gordon  should  be  a  reasonable  approximation 
provided  that  J„{ct)Tab  »  \Bn\2. 

Furthermore,  it  should  be  pointed  out  that  there  is  some 
freedom  in  choosing  how  the  Bessel  functions  enter  into  the 
formulation  discussed  above.  In  particular,  since  the  energy 
origin  can  always  be  chosen  arbitrarily,  a  time-dependent 
phase  (gauge)  transformation  allows  one  to  choose  either 
(a\eV\a)  or  (b\eV\b)  to  be  equal  to  an  arbitrary  value; 
in  particular,  at  least  one  of  these  can  be  chosen  to  be 
zero.  The  argument  of  the  Bessel  functions  changes  as 
( a\eV\a )  and  {b\eV\b)  change  under  such  transformations, 
but  in  the  end  all  calculated  quantities  should  be  insensitive 
to  these  differences  in  formulation.  Thus,  we  see  that 
Tien  and  Gordon  have  made  an  implicit  selection  of  the 
gauge  such  that  ( a\eV\a )  is  the  difference  in  potential 
energy  between  the  well  that  the  electron  is  tunnelling 
from  and  the  well  that  the  electron  is  tunnelling  to.  This 
choice  is  equivalent  to  setting  (b\eV\b)  equal  to  zero.  We 


(a)  10  Wells 
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1 — 
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Figure  2.  (a)  The  superlattice  structure  under  d.c.  bias. 

( b )  Broadened  levels  in  the  presence  of  radiation  at  low 
d.c.  bias.  For  edE0C  <  tuo,  emission  channels  are  inhibited 
while  the  absorption  channels  are  enhanced,  (c)  At  higher 
bias,  edEDC  >  bco,  the  absorption  channels  are  inhibited 
while  the  emission  channels  are  not.  The  vertical  arrows 
represent  fixed  photon  energy  and  the  horizontal  arrows 
indicate  the  resonantly  enhanced  process  (thick  arrow)  and 
the  impeded  process  (thin  arrow)  respectively. 

stress  that  for  a  state  | b)  localized  within  the  same  well 
as  |a),  or  for  next-nearest  neighbour  transitions,  this  gauge 
dependence  requires  a  reinterpretation  of  a  in  order  to  apply 
the  Tien  and  Gordon  model.  For  example,  for  next-nearest 
neighbour  photon-assisted  tunnelling  we  would  expect  to 
observe  Bessel  functions  with  the  argument  2a  instead  of 
a. 

It  is  not  obvious  that  the  transitions  that  contribute  to 
the  Bessel  functions  (i.e.  the  ( a\eV\a )  matrix  elements), 
and  that  are  important  at  intense  laser  fields,  should  be 
of  fundamentally  different  character  from  those  that  are 
important  at  weak  fields,  usually  attributed  to  the  {b\eV\a) 
matrix  elements.  Nevertheless,  the  observations  we  will 
present  here  do  lend  support  to  the  predicted  Bessel  function 
dependence  of  the  PAT  currents. 

The  sequential  resonant  tunnelling  superlattice  used 
in  these  experiments  is  shown  in  figure  2.  It  consisted 
of  300  nm  of  GaAs  doped  at  n+  =  2x10' 8  cm-3, 
followed  by  a  50  nm  GaAs  spacer  layer  and  ten  15  nm 
GaAs  quantum  wells  and  eleven  5  nm  GaAs/Alo.3oGao.7oAs 
barriers  and  capped  by  another  50  nm  GaAs  spacer  layer 
and  300  nm  of  n+  =  2  x  1018  cm-3  Si-doped  GaAs.  The 
substrate  is  semi-insulating  and  the  superlattice  and  spacer 
layers  were  n  doped  to  3  x  1015  cm-  ’  with  Si.  These 
experiments  were  facilitated  by  integrating  the  superlattice 
into  a  broad  band  bow-tie  antenna.  The  devices  were 
then  glued  onto  a  high-resistivity  hemispherical  silicon  lens 
and  gold  wires  were  bonded  to  the  two  gold  bows.  The 
experiments  were  performed  over  a  temperature  range  of  8- 
15  K  with  the  sample  mounted  in  a  temperature-controlled 
flow-type  cryostat  with  Z-cut  quartz  windows.  Radiation 
was  incident  on  the  curved  surface  of  the  silicon  lens  with 
the  polarization  parallel  to  the  axis  connecting  the  two  gold 
lobes  of  the  bow-tie. 
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Figure  3.  Current-voltage  characteristics  measured 
without  radiation  and  with  1.30  THz  (5.38  meV)  radiation  at 
three  different  laser  field  strengths. 

In  figure  3  we  show  the  d.c.  current-voltage  (/- 
V )  characteristics  measured  without  radiation  and  with 
1.30  THz  radiation  at  three  different  laser  powers.  The  I-V 
without  laser  radiation  ( EAC  =  0)  shows  an  ohmic  region 
characteristic  of  sequential  resonant  tunnelling  followed  by 
saw-tooth  oscillations  associated  with  electric  field  domains 
[27,40].  At  low  bias,  the  current  through  the  sample  occurs 
via  ground  state  to  ground  state  tunnelling.  As  the  bias  is 
increased,  the  current  approaches  a  ‘critical  current’,  the 
maximum  current  that  the  ground  state  to  ground  state 
tunnelling  will  support,  and  a  quantum  well  breaks  off 
forming  a  high-field  domain.  The  high-field  domain  is 
characterized  by  the  alignment  of  the  ground  state  in  one 
well  with  the  excited  state  in  the  ‘down-hill’  well.  As 
the  bias  is  increased  still  further,  one  well  after  another 
breaks  off  into  the  high-field  domain,  indicated  by  the  saw¬ 
tooth  NDC  structure  [27,40],  until  the  entire  sample  is 
encompassed  by  the  high-field  domain.  In  this  work  we  are 
concerned  only  with  the  behaviour  near  zero  bias,  where  the 
transport  occurs  via  ground  state  to  ground  state  tunnelling. 

Perhaps  the  most  remarkable  result  is  found  near  zero 
d.c.  bias.  In  the  presence  of  a  terahertz  electric  field  the 
conductance  at  zero  bias  is  first  suppressed  as  the  electrons 
are  distributed  over  the  virtual  states,  a  manifestation  of 
dynamic  localization.  However,  as  the  d.c.  bias  is  increased 
the  one-photon  emission  channel  is  brought  into  resonance 
with  the  ground  state  in  the  neighbouring  well  and  the 
current  increases,  resulting  in  the  formation  of  a  step  in 
the  I-V  characteristic.  (Note  that  the  voltage  where  this 
occurs  is  approximately  Nhco/e,  where  N  is  the  number  of 
quantum  wells;  N  —  10  here.) 

At  the  next  higher  power  shown  in  figure  3,  the 
conductance  near  the  origin  actually  becomes  negative. 
When  this  happens  the  electrons  use  the  absorbed  energy 
from  the  laser  field  to  tunnel  against  the  applied  d.c.  bias. 
While  localization  and  near  zero  conductance  is  predicted, 
absolute  negative  conductance  is  not. 


At  this  level  of  terahertz  excitation,  as  the  d.c. 
bias  voltage  is  increased  beyond  the  absolute  negative 
conductance  region,  the  one-photon  emission  step  is 
encountered  in  the  I-V  characteristic  (figure  3).  The 
current  becomes  positive  and  the  electrons  are  driven  down 
the  superlattice  accompanied  by  the  stimulated  emission  of 
a  photon  [41].  Remarkably,  a  two-photon  emission  step  is 
also  seen  at  the  appropriate  voltage.  Finally,  at  the  highest 
power  shown  in  figure  3,  the  zero-photon  channel  has 
reappeared,  the  one-photon  emission  step  is  substantially 
quenched,  the  current  at  the  two-photon  step  has  decreased 
by  a  factor  of  two,  and  the  formation  of  the  three-photon 
emission  step  is  clearly  seen  at  the  appropriate  bias  voltage. 
The  location  in  voltage  of  the  one-photon  and  two-photon 
emission  steps  increases  with  increasing  frequency,  as 
would  be  expected  from  multiphoton  stimulated  emission. 

We  can  project  these  results  on  the  model  of  Tien  and 
Gordon  in  the  following  way.  We  assume  that  the  basic 
transport  mechanism  is  the  sequential  tunnelling  from  one 
quantum  well  to  its  neighbour.  Following  Tien  and  Gordon 
[4],  we  expect  that  in  the  presence  of  a  laser  field  the 
n -photon  tunnelling  probability  is  proportional  to  J%(ot), 
where  n  corresponds  to  the  net  ‘emission’  (negative  n) 
or  net  ‘absorption’  (positive  n),  of  n-photons,  and  the 
argument  is  given  by  a  =  edE^/ha).  Here  e  is  the  electron 
charge,  d  is  the  superlattice  period,  Ekc  is  the  THz  field 
strength  and  hco  is  the  photon  energy.  In  particular,  Jq(u) 
describes  the  suppression  of  the  conductance  at  zero  bias, 
i.e.  dynamic  localization,  and  we  expect  the  conductance  to 
be  driven  to  zero  when  the  argument,  edEAc/bco,  equals  the 
zero  of  the  Jo(a)  Bessel  function.  Likewise,  we  expect  the 
new  channels  at  nTuo,  that  appear  as  steps  at  the  appropriate 
bias  voltage,  to  develop  in  a  non-monotonic  way  as  in2(or) 

[HI 

While  the  dynamic  localization  is  expected,  the  absolute 
negative  conductivity  does  not  arise  in  a  straightforward 
way  from  this  model.  As  a  possible  explanation  for  these 
observations  we  propose  that  the  symmetry  between  the 
emission  and  absorption  processes  is  broken  by  scattering 
at  low  temperatures.  This  effect  is  illustrated  in  figures  2(b) 
and  (c)  where  a  broadened  level  in  one  well  is  shown, 
coupled  by  the  laser  field  to  the  neighbouring  well  separated 
by  edEoc- 

It  is  important  to  realize  that  near  the  first  zero  of 
/2(a)  transport  will  be  dominated  by  the  photon-assisted 
channels.  In  figure  2(b)  the  applied  d.c.  field  is  less  than 
heo/ed,  and  the  one-photon  emission  channel  is  impeded, 
but  the  absorption  channel  can  proceed  and  the  current  will 
flow  against  the  applied  d.c.  bias.  As  soon  as  the  d.c.  bias 
exceeds  hdo/ed  (figure  2(c))  the  picture  is  reversed  and  the 
current  will  flow  in  the  direction  of  the  applied  d.c.  bias. 

To  model  this  behaviour  we  assume  that  the  broadened 
levels  have  state  densities  p(E)  given  by  Gaussians,  and  the 
occupation  is  given  by  a  Boltzmann  distribution  function, 
f(E).  The  main  assumption  being  that  the  carriers  are 
distributed  thermally  with  more  at  the  bottom  of  the 
broadened  levels  than  at  the  top.  Following  Tien  and 
Gordon  we  weigh  the  current  through  the  PAT  channels 
with  Bessel  functions  and  model  the  total  ground  state  to 
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Voltage  (meV/period) 

Figure  4.  Current-voltage  characteristics  produced  by  the 
model  calculation  without  radiation  and  with  1 .30  THz 
radiation  at  two  different  laser  field  strengths. 

ground  state  tunnelling  current  according  to 

PC  p 

joc  JnW  /  d Ep(E)f(E)[p(E-eVDC 

n=—o o  * 

—riha))  —  p(E  +  eVoc  —  nTico)]. 

We  have  neglected  PAT  into  excited  states,  which  becomes 
important  at  high  d.c.  biases  and  large  laser  field  strengths 
[27],  The  Gaussian  density  of  states  is  assigned  a  width  of 
2  meV,  which  is  almost  four  times  the  calculated  ground 
state  miniband  width  of  0.55  meV,  but  is  consistent  with 
the  broadened  width  deduced  from  the  I-V  characteristic 
without  radiation.  It  is  reasonable  to  expect  that  the 
scattering  mechanisms  that  determine  the  superlattice 
transport  properties  without  radiation  are  also  important  for 
the  transport  properties  with  THz  radiation. 

The  result  of  the  calculation  is  shown  in  figure  4. 
In  the  absence  of  the  THz  radiation  it  can  be  seen  that 
the  ohmic  behaviour  near  zero  bias  is  reproduced  by  the 
model.  Beyond  the  ohmic  region  (dotted  curve),  however, 
the  model  begins  to  diverge  from  the  experiment.  This  is 
due  to  the  fact  that  the  model  assumes  that  the  electric  field 
is  uniform  throughout  the  superlattices  and  does  not  take 
into  account  the  effect  of  electric  field  domains.  At  the  first 
zero  of  Jq  (a)  ( a  =  2.4)  the  zero-photon  current  has  been 
shut  off,  the  current  can  only  flow  through  the  photon- 
assisted  channels  and  the  current  becomes  negative  near 
the  origin.  At  the  next  higher  value  of  laser  field  strength 
(a  =  3.3),  a  three-photon  emission  step  is  present.  Overall, 
the  essential  features  of  the  experimental  I-V  characteristic 
are  reproduced  by  this  simple  model. 

Negative  current  flow  for  small  positive  d.c.  bias 
requires  level  broadening  and  tails  of  the  energy  levels 
to  extend  to  within  reach  of  the  photon-assisted  channel. 
In  this  view  the  absolute  negative  conductance  is  an 
unexpected  but  reasonable  manifestation  of  dynamic 
localization.  Furthermore,  under  d.c.  bias  the  ladder  of 
quantum  well  ground  states  will  all  be  equally  occupied 
and,  at  first  blush,  net  stimulated  absorption  or  emission  of 
a  photon  should  be  absent  [3].  By  introducing  scattering  it 


is  apparent  that  net  gain  (stimulated  emission)  can  appear 
on  the  low-frequency  side  of  the  Stark  ladder  splittings 
and  net  loss  (stimulated  absorption)  can  occur  on  the  high- 
frequency  side,  relieving  the  apparent  contradiction  with 
Bastard  et  al  [3], 

In  conclusion,  we  have  observed  dynamic  localization 
in  a  multi-quantum  well  superlattice  in  the  sequential 
tunnelling  limit.  The  dynamic  localization  is  accompanied 
by  negative  absolute  conductance  around  zero  bias 
followed  by  the  appearance  of  photon-assisted  channels 
that  correspond  to  the  stimulated  emission  of  as  many  as 
three  terahertz  photons.  The  essential  features  of  the  I-V 
characteristics  are  reproduced  by  a  simple  empirical  model 
in  which  virtual  states  play  a  similar  role  to  the  unperturbed 
quantum  well  states. 
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Abstract.  Bandgap  engineering  of  advanced  optoelectronic  devices  is  a  natural 
and  desired  outcome  of  the  basic  studies  of  semiconductor  quantum  well 
structures.  This  is  first  illustrated  with  the  problem  of  the  polarization  sensitivity  of 
guided-wave  devices.  It  is  shown  that  tensile-strained  quantum  wells  near  the  light- 
and  heavy-hole  degeneracy  provide  almost  equal  absorption  spectra  and  nearly 
identical  electroabsorption  curves  in  the  TE  and  TM  modes,  which  are  necessary 
features  for  on-line  applications  in  optical  fibre  telecommunication  systems.  In  the 
second  part,  the  ultimate  performances  of  photovoltaic  bistable  devices  based  on 
the  Wannier-Stark  effect  are  discussed.  It  is  shown  that  the  commutation  energy  of 
today’s  silicon  MOSFETs  («30  fJ)  can  be  challenged  by  usable  optical  devices. 


1.  Introduction 

The  concept  of  bandgap  engineering  was  first  proposed 
by  Capasso  more  than  ten  years  ago.  The  idea  is 
to  capitalize  on  the  considerable  effort  devoted  to  the 
fundamental  electronic,  optical  or  electro-optical  properties 
of  semiconductor  heterostructures,  and  to  make  use  of 
their  extraordinary  flexibility  to  model  and  actually  realize 
innovative  devices.  Yet,  in  the  past  many  astute  ideas 
have  missed  their  target  because  the  physicists  involved 
have  neglected  the  constraints  that  the  devices  must  obey 
to  be  useful  ones.  A  major  field  of  application  of  these 
concepts  is  optoelectronics,  and  more  precisely  the  devices 
required  for  high-bit-rate  optical  fibre  telecommunication 
systems.  Here,  we  shall  discuss  two  examples  of  current 
interest,  namely  guided-wave  electroabsorption  modulators 
and  bistable  devices  for  commutation  matrices  or  other 
optical-logic  applications.  In  the  first  case,  one  starts  with 
devices  which  have  already  demonstrated  their  potential 
for  high-speed  modulation,  but  which  suffer  from  a  strong 
sensitivity  to  the  polarization  of  the  incoming  light  which 
hinders  their  use  for  in-line  modulation.  In  this  situation, 
the  needs  are  well  defined  and  the  bandgap  engineer’s 
role  is  to  find  out  the  simplest,  best  performing  and  most 
reproducible  solution  fulfilling  the  numerous  and  precise 
constraints  imposed  by  system  operation.  The  combination 
of  built-in  strains  and  quantum  confinement  actually  leads 
to  an  elegant  solution  of  this  problem.  Conversely,  in 
the  commutation  matrix  problem,  one  deals  with  a  more 
open  field  because  there  are  many  possible  architectures 
for  a  commutation  nod,  and  the  ideal  mixing  of  purely 
optical,  optoelectronic  and  purely  electronic  devices  is  not 
so  well  defined.  Besides,  there  might  be  other  applications 
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of  optical  bistable  matrices,  for  instance  in  dedicated 
optical  processors.  Major  parameters  for  a  bistable  switch 
are  the  power  needed  to  maintain  the  device  state  and 
the  commutation  energy  required  to  switch  the  device. 
The  most  popular  approach  is  certainly  the  self-electro- 
optical  effect  device  (SEED)  invented  by  Miller  in  1985. 
Recent  advances  in  photovoltaic  superlattice  SEEDs  will 
be  discussed,  with  the  salient  result  that  the  commutation 
energy  of  todays  MOSFETs  («30  fJ/gate)  can  actually  be 
challenged  by  all-optical  devices. 

2.  Polarization-insensitive  guided-wave  devices 

Polarization-independent  operation  is  a  desired  feature  for 
many  optoelectronic  devices  used  in  telecommunication 
systems  [1],  Indeed,  the  incident  polarization  is  randomized 
after  propagation  through  optical  fibres,  and  on-line 
devices  have  to  be  polarization  independent.  This  is 
particularly  important  for  electro-optical  modulators  and 
amplifiers.  As  device  lengths  of  the  order  of  »100  gm 
are  needed,  only  the  in-plane  propagation  can  provide 
the  required  performances.  Hence,  these  devices  are 
usually  waveguides,  and  they  unfortunately  present  a  strong 
birefringence,  which  results  from  the  combination  of  a 
number  of  factors  including  the  waveguide  geometry,  the 
optical  selection  rules,  the  transition  strength  and  the 
nature  of  the  electro-optical  effect.  Electroabsorption 
(EA)  modulators  are  of  particular  interest  for  they  are 
ideally  suited  for  high-bit-rate  (>10  GHz)  operation, 
and  semiconductor  amplifiers  are  essential  for  long-haul 
transmission  like  intercity  or  submarine  optical  cables. 
Heterostructures  based  on  III-V  semiconductor  multiple 
quantum  wells  (MQW)  have  widely  proved  their  potential 

1601 


P  Voisin 


for  the  above-mentioned  applications,  but  waveguides  using 
lattice-matched  MQWs  suffer  from  a  strong  sensitivity  to 
the  incident  light  polarization.  This  is  inherently  due 
to  the  confinement  splitting  of  the  light-  and  heavy-hole 
levels  associated  with  the  polarization  selection  rules  acting 
on  the  heavy-hole  to  electron  (H-E)  and  light-hole  to 
electron  (L-E)  optical  transitions,  which  lead  to  different 
bandgaps  in  the  TE  and  TM  modes.  Indeed,  the  H- 
E  transition  dominates  the  absorption  in  the  TE  (or  in¬ 
plane  polarization)  mode  whereas  the  L-E  transition  is  the 
only  contribution  to  the  absorption  in  the  TM  (or  axial 
polarization)  mode.  Clearly,  the  first  requirement  to  achieve 
polarization  independence  is  the  use  of  tensile  strained 
material  in  the  wells,  in  order  to  obtain  a  compensation 
between  the  strain-induced  and  the  confinement-induced 
splittings  and  get  degenerate  L-E  and  El-E  transitions. 
Furthermore,  guided-wave  absorption  coefficients  for  the 
TE  and  TM  modes  have  to  be  equal  to  provide  identical 
gains  in  amplifiers,  whereas  the  electric-field  dependence 
of  these  absorptions  must  be  the  same  for  polarization- 
insensitive  modulation.  In  the  latter  case,  the  nature  of  the 
electro-optical  effect  (for  instance,  the  quantum-confined 
Stark  effect  [2]  or  the  Wannier-Stark  effect  [3,4])  has  to 
be  considered. 

We  start  with  the  guided-wave  absorption  coefficient 
for  an  electromagnetic  wave  propagating  in  the  layer  plane 
of  the  heterostructure.  We  consider  an  electromagnetic 
(em)  guided  wave  characterized  by  an  electric  field 
E{z)  =  E{z)  exp(kur  —  kyy)s,  propagating  along  the 
y  direction  in  the  layer  plane  of  the  heterostructure,  with 
the  polarization  e.  The  calculation  follows  the  classical 
procedure:  the  rate  at  which  photons  disappear  is  first 
calculated  from  Fermi’s  golden  rule,  and  then  related 
semiclassically  to  the  absorption  coefficient  a,  which 
gives  [5] 

of(a>)  =  (E(zo)2/(E(z)2))(ne2/ns0cm20a}Q) 

xY^KflS’Pl^HEf-Ei  —  TioS) 
i-f 

x  (/(£,)  -/(£/))  (1) 

where  £2  =  LxLyLz  is  the  volume  in  which  the  optical 
mode  is  normalized.  If  we  compare  equation  (1)  with  the 
classical  expression  of  the  absorption  coefficient  for  an  em 
wave  propagating  parallel  to  the  growth  axis  z  [6],  we 
see  that  the  only  difference  is  the  presence  of  the  term 
E(z0)2/(E(z)2). 

We  first  assume  parabolic  in-plane  dispersion  for  the 
valence  subbands,  which  allows  an  analytical  calculation 
of  a(co).  For  a  H(L)-E  transition  whose  transition  energy 
is  £h(L)>  equation  (1)  becomes 

a(a>)  =  (E(z0)2/(E(z)2)) 

x(^/^z)Mh(L)3Lh(l)Eh(L)T(£h(L)  —  fico)  (2) 

where  Mh(l>  is  the  in-plane  reduced  mass  of  the 
corresponding  electron-hole  pair  (in  units  of  the  conduction 
effective  mass  mc),  MH(l)  the  squared  overlap  of  the 
electron  and  heavy-  or  light-hole  envelope  functions, 
FH(L)  the  variable  part  of  the  relevant  atomic  dipole 
matrix  element,  and  Y(x)  is  the  step  function,  fi  = 
e2Epmc/4n€ocmoft2a>  «  6  x  10~3  is  a  dimensionless 
constant  ( Ep  &  23  eV  is  Kane’s  matrix  element).  For 


a  multiple  quantum  well  structure,  we  finally  obtain 
the  expression  of  the  guided-wave  absorption  coefficient 
by  summing  over  the  well  positions,  which  amounts  to 
replacing  the  E(zo)2/{E2)  factor  in  equation  (2)  by  T/Lw, 
where  the  ‘confinement  factor’  T  =  /we|ls  E(z)1  dz/(E2)  is 
the  overlap  of  the  electromagnetic  mode  with  the  quantum 
wells.  T  is  obviously  proportional  to  the  well  width  Lw, 
so  the  guided  wave  absorption  does  not  depend  on  Lw. 
Actual  modulator  structures  usually  have  about  10  wells, 
and  calculation  of  the  mode  profile  leads  to  F  values  of  the 
order  of  25-30%. 

In  the  diagonal  (or  parabolic)  model,  the  heavy-  and 
light-hole  in-plane  and  axial  (i.e.  along  the  quantization 
axis  z)  masses  are  given  in  terms  of  the  Luttinger 
parameters  by  m „  -  \/(yx  +  y2),  m'L  -  \/{yx  -  y2),  mzH  = 
\/(y\  -  2y2),  m[  =  l/(yi  +  2 y2).  In  InGaAs,  the  heavy- 
hole  mass  is  ~0.4mo,  while  the  Kane  model  gives 
m l  =  0.057mo  and  mc  =  0.042mo.  /z h  =  0.632 mc  and 
/j,L  =  0.791mc  hence  differ  appreciably.  Conversely,  the 
wavefunction  overlaps  A/h(l>  (in  the  absence  of  an  external 
electric  field)  are  essentially  equal  to  unity.  As  for  the 
atomic  part  of  the  optical  matrix  element,  we  have  from 
the  definition  of  the  electron,  light-hole  and  heavy-hole 
Bloch  functions  Ph  =  1,  A.  =  1/3  for  the  TE  mode,  and 
PH  =  0,  PL  =  4/3  for  the  TM  mode.  Hence  the  sum  of  the 
L-E  and  H-E  contributions  in  the  TE  mode  just  equals  the 
L-E  contribution  in  the  TM  mode.  Using  these  relations, 
we  can  readily  calculate  the  guided  wave  absorption  spectra 
for  unstrained  or  strained  quantum  wells.  For  instance,  for 
a  13  QWs  modulator  with  Lw  =  121  A  and  L  =  27%,  the 
contribution  of  the  H-E  transition  gives  a  =  856  cm-1, 
cr  is  conveniently  expressed  in  logarithmic  units,  using  a 
reference  waveguide  length.  856  cm-1  corresponds  to  a 
modal  attenuation  of  37  dB/100  /zm. 

The  diagonal  model  discussed  up  to  now  is  particularly 
convenient  for  it  leads  to  analytical  expressions  and  is 
a  very  good  guide-line,  but  it  is  not  quite  satisfactory: 
it  is  now  well  known  that  when  the  in-plane  vector 
is  non-zero,  the  heavy-  and  light-hole  states  become 
coupled  and  anticrossings  between  heavy-  and  light-hole 
branches  occur  which  eventually  lead  to  camel-back-shaped 
dispersion  relations.  Figures  1(a)  and  1(&)  show  the 
comparison  between  essentially  exact  in-plane  dispersion 
relations  (broken  curves)  and  the  predictions  of  the  diagonal 
model  (full  curves),  in  the  representative  case  of  121  A 
wide  InGaAs-AlInAs  QWs.  Figure  1(a)  is  for  unstrained 
quantum  wells  and  figure  1  (b)  for  the  case  of  tensile 
strained  quantum  wells  at  the  exact  heavy-  and  light- 
hole  degeneracy.  The  anticrossings  correspond  to  a 
strong  admixture  of  light-  and  heavy-hole  characters  in  the 
eigenstates.  It  is  clear  that  the  exact  in-plane  dispersion 
of  the  valence  subbands  has  to  be  considered  for  a  proper 
evaluation  of  the  TE  and  TM  absorption  coefficients.  The 
calculated  absorption  spectra  are  displayed  in  figures  1(c) 
and  1  (zf ),  the  upper  part  showing  the  prediction  of  the 
diagonal  model  and  the  lower  part  the  result  of  the  exact 
calculation.  The  TE/TM  sensitivity  of  the  confinement 
factor  T  is  not  included  at  this  point  and  will  be  discussed 
later  on.  In  the  unstrained  case,  the  spectra  are  in  both  cases 
dominated  by  the  expected  bandgap  difference  between 
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Figure  1.  In-plane  dispersion  relations  of  the  valence 
subbands  (a)  without  strain  and  (b)  with  the  biaxial  tensile 
strain  compensating  the  confinement  splitting  of  LI  and  HI. 
The  full  curves  are  the  subband  dispersions  in  the 
parabolic  model  and  the  broken  curves  show  the  exact 
dispersions.  Absorption  coefficients  of  the  unstrained 
(c)  and  strained  (d)  quantum  well  in  the  parabolic  model 
(up)  and  with  the  exact  in-plane  dispersion  (down).  The  full 
(broken)  curves  correspond  to  the  TE  (TM)  mode. 
Calculations  are  for  a  121  A  thick  GalnAs-AllnAs  QW. 

the  TE  (full  curves)  and  the  TM  modes  (broken  curves). 
Band  mixing  effects  simply  produce  a  small  splitting  of 
the  L-E  transition,  due  to  the  strong  interaction  between 
the  neighbouring  level  LI  and  H2.  For  the  tensile- 
strained  case,  the  absorption  spectrum  is  a  single-step 
structure  showing  equal  TE  and  TM  absorption  gaps.  The 
camel-back  shape  of  the  light-hole  dispersion  results  in 
a  spike  close  to  the  absorption  edge,  which  is  of  course 
more  pronounced  in  the  TM  mode.  However,  this  non- 
parabolicity  effect  appears  only  in  a  narrow  spectral  range, 
and  broadening  effects  («*7  meV  for  best  materials  at 
300  K)  just  smear  the  spike  out.  Independent  on  the  model, 
it  can  be  observed  that  a  finite  difference  remains  between 
the  TE  and  TM  absorptions,  the  later  being  slightly  (^20%) 
more  effective.  This  is  an  unavoidable  consequence  of 
the  different  joint  density  of  states  for  the  H-E  and  L-E 
transitions. 

We  now  discuss  the  TE-TM  sensitivity  of  the 
confinement  factor  F,  which  is  due  to  the  different  boundary 
conditions  for  the  electromagnetic  field.  For  this  we 
consider  the  model  of  a  three-layer  slab  waveguide  formed 
by  a  uniform  isotropic  layer  of  refractive  index  n  [7], 
sandwiched  between  two  semi-infinite  layers  of  lower 
refractive  index.  Again,  the  z-axis  is  taken  perpendicular 
to  the  layers  and  the  light  propagation  direction  along  the 
y-axis.  For  guided  modes,  the  requirement  is  to  have 
an  oscillatory  solution  in  the  core  with  evanescent  tails 
in  the  cladding  regions.  The  TE  and  TM  configurations 


correspond  respectively  to  E(z)  =  Ex(z)x  (TE  mode)  and 
H(z)  =  Hx(z)x  (TM  mode),  where  x  is  the  unit  vector 
in  the  x  direction.  From  the  Helmoltz  wave  equation 
associated  with  the  appropriate  boundary  conditions  at  each 
interface,  we  find  the  expressions  of  the  components  of  the 
E  and  H  vectors  in  the  three  layers  for  both  modes  as 
functions  of  the  longitudinal  propagation  constant  and  the 
guide  geometry.  The  propagation  constant  is  calculated  by 
using  the  effective  index  method.  The  confinement  factor  V 
is  obviously  the  ratio  of  the  guided  light  power  in  the 
wells  by  the  total  power.  To  calculate  it,  we  calculate  the 
Poynting  vector  flow  T1  =  Lx  f  rcy  dz,  using  ny  =  \EXHZ 
for  the  TE  mode  and  ny  =  \  Hx  Ez  for  the  TM  mode 
respectively.  Calculations  for  a  structure  with  13  InGaAs 
121  A  wide  QWs  separated  by  AlInAs  80  A  barriers  and 
cladded  by  AlInAs  layers,  using  standard  values  of  the 
refractive  indices  yield  rTE  =  27%  and  T™  =  23%.  It  is 
noteworthy  that  this  ^20%  difference  is  not  very  sensitive 
to  the  exact  waveguide  structure.  Almost  the  same  figure  is 
obtained  with  the  parameters  of  a  GalnAs-GalnAsP  MQW 
cladded  between  InP  layers. 

Quite  remarkably,  the  polarization  dependence  of  T 
thus  tends  to  compensate  the  effect  of  the  joint  density 
of  states.  We  thus  expect  nearly  identical  guided-wave 
absorption  coefficients  in  the  TE  and  TM  modes  (in  the 
flat-band  regime)  in  heterostructures  using  tensile-strained 
MQW  structures  at  the  heavy-  and  light-hole  degeneracy. 
This  condition  is  sufficient  to  ensure  identical  TE  and  TM 
gains  for  optical  amplifiers  at  gain  saturation.  However, 
to  obtain  a  polarization-independent  modulation,  the  field 
dependence  of  the  absorption  must  also  be  the  same  in  both 
modes.  The  dominant  electro- optical  effect  in  the  structures 
under  investigation  is  the  quantum  confined  Stark  effect 
(QCSE).  The  field-induced  variations  of  the  H-E  and  L- 
E  transitions  have  to  be  considered  both  in  terms  of  the 
Stark-shift  and  wavefunctions  overlaps  Mh(l>- 

First,  as  illustrated  in  figure  2(a),  the  Stark  shift  in  a 
square  quantum  well  depends  on  the  carrier  effective  mass, 
and  differs  appreciably  for  the  H-E  and  L-E  transitions. 
But  at  the  same  time,  MH  decreases  with  the  applied 
field  faster  than  Ml,  as  shown  in  figure  2(b).  Again, 
we  expect  kind  of  a  compensation  between  these  two 
effects:  in  the  TE  mode  the  absorption  edge  shifts  faster 
with  the  applied  field  than  in  the  TM  mode  but  its 
strength  also  decreases  faster.  A  realistic  calculation  of 
the  electroabsorption  curves  requires  the  introduction  of  a 
finite  broadening  of  the  transitions.  In  figure  3  we  show 
calculated  electroabsorption  curves  obtained  for  realistic 
device  parameters,  i.e.  a  working  wavelength  15  meV 
below  the  MQW  bandgap,  a  spectral  line  broadening  y  = 
7  meV  (we  use  a  Gaussian  broadening  of  the  optical 
transitions),  and  a  13  QW  GalnAs-AllnAs  MQW,  with 
Lw  =  121  A.  It  can  be  seen  that  in  spite  of  the  large 
difference  between  the  heavy-  and  light-hole  Stark  shifts, 
the  TE  and  TM  electroabsorptions  are  nearly  identical, 
from  transparency  down  to  a  very  large  attenuation  of 
20  dB/100  gm.  The  main  difference  is  that  the  TM 
absorption  maximum  is  larger  and  obtained  for  a  larger 
electric  field  than  the  TE  one.  Let  us  point  that  this 
difference  is  not  significant  for  a  device  length  above 


1603 


P  Voisin 


Figure  2.  Stark  shifts  (a)  and  envelope  functions  overlaps 
MHll)  ( b )  for  the  HI -El  (full  curves)  and  L1-E1  (broken 
curves)  transitions  in  a  121  A  GalnAs-AllnAs  QW. 


Figure  3.  Calculated  electroabsorption  curves  for  a 
13  QWs  (121  A  thick)  GalnAs-AllnAs  MQW,  including  a 
spectral  broadening  y  =  7  meV  of  the  optical  transitions. 

100  /zm,  for  it  appears  in  a  regime  where  the  device 
transmission  is  below  1%. 

Finally,  it  should  be  stressed  that  this  analysis  does 
not  take  into  account  excitonic  corrections.  It  is  clear  that 
exciton  bound  states  do  not  play  a  major  role  in  QWs 
based  on  GalnAs,  due  to  their  modest  binding  energy. 
However,  Coulomb  enhancement  does  exist  and  is  expected 
to  increase  the  band-to-band  absorption  coefficient  by  about 
50%  [8].  This  enhancement  should  be  nearly  polarization 
independent. 

To  conclude  this  section,  it  appears  that  tensile-strained 
MQW  structures  at  the  heavy-  and  light-hole  degeneracy 


are  appropriate  to  the  realization  of  essential  optoelectronic 
devices,  namely  polarization-insensitive  amplifiers  and  EA 
modulators.  Polarization  insensitivity  is  not  an  exact  result, 
but  stems  from  a  quasi  perfect  compensation  of  different 
contributions.  Note  that  these  theoretical  results  are  in  close 
agreement  with  recent  experimental  findings  in  the  GalnAs- 
InP  [9]  and  GalnAs-AllnAs  [10]  families  of  materials. 
Clearly,  this  detailed  modelling  and  its  comparison  with 
experiments  opens  the  way  for  the  final  optimization  of 
these  devices. 

3.  Photovoltaic  optical  bistable  devices 

There  is  also  a  strong  interest  in  optica!  bistable  devices 
because  of  their  potential  applications  in  commutation 
matrices  for  telecommunications,  parallel  information 
processing,  etc.  Electro-optical  bistable  device  like  the 
self-electro-optical  effect  device  (SEED)  [11]  have  received 
considerable  attention  because  they  function  at  low  power 
(a  few  microwatts  per  device),  but  they  need  an  individual 
electrical  circuit,  which  implies  a  complex  architecture  of 
interconnections  and  limits  the  possibility  of  large-scale 
integration.  Recently,  the  invention  of  the  S-SEED  [12] 
has  opened  new  perpectives  since  this  combination  of 
two  SEEDs  functions  with  no  other  external  electrical 
connection  than  a  simple  bias  voltage.  However,  these 
devices  still  require  a  differential  illumination  which 
hamper  their  use  in  large-scale  matrices.  All-optical 
bistability  using  optical  non-linearities  in  Fabry-Perot 
cavities  [13]  remains  an  attractive  alternative  and  is  also 
receiving  much  attention  [14].  Here,  we  discuss  an  other 
direction  which  is  biasless  (or  even  wireless)  photovoltaic 
SEEDs  using  the  combination  of  the  Wannier-Stark  effect, 
built-in  electric  field  and  screening  [15], 

The  experiments  are  carried  out  on  a  p-i-n  diode 
structure  which  was  originally  designed  for  guided-wave 
modulation  at  1.55  p, m  [4],  The  core  consists  of  a  20  period 
InGaAs  (60  A)-InAlAs  (15  A)  superlattice  inserted  between 
two  layers  of  10-period  InGaAs  (25  A)-InAlAs  (20  A). 
This  undoped  structure  is  bounded  by  thick  InAlAs  n+ 
and  p+  electrodes  and  finally  topped  by  a  1000  A  p+ 
InGaAs  contact  layer.  This  sample  was  grown  by  MBE 
on  an  n  +  InP  substrate.  We  used  «1  x  2  mm2  pieces 
of  the  unprocessed  sample.  The  experimental  set-up  uses 
a  simple  halogen  lamp  followed  by  a  spectrometer  as 
the  tunable  source,  and  InGaAs  photodiodes  for  detection. 
Most  experiments  were  done  under  cw  conditions.  A 
simple  silver-glue  electrical  contact  is  sometimes  added 
and  allows  simultaneous  measurements  of  the  electrical  and 
optical  properties.  Deep-etched  100  gm  mesa  photodiodes 
have  also  been  processed  and  examined. 

Figure  4  shows  photocurrent  spectra  obtained  at  77  K 
with  a  forward  bias  Vf  from  0  V  to  0.7  V.  These 
spectra  illustrate  the  now  well  known  Wannier-Stark 
effect  [3,4,16]:  in  the  presence  of  an  electric  field,  the 
SL  optical  absorption  spectrum  a(hv)  consists  in  a  series 
of  step-like  transitions  at  the  energies  Eq  +  peFd,  where 
E0  is  the  bandgap  of  an  isolated  quantum  well,  F  is  the 
electric  field,  d  the  superperiod  and  p  a  relative  integer. 
The  sample  used  in  the  experiments  has  a  built-in  electric 
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Figure  4.  77  K  photocurrent  spectra  at  various  forward 
bias  voltages  in  a  60  A-20  A  GalnAs-AllnAs  superlattice. 

field  of  50  kV  cm-1  which  already  corresponds  to  the  ‘high 
field’  regime  of  the  Wannier-Stark  effect.  At  V{  —  0  V, 
only  the  dominant  ‘vertical’  transition  p  =  0  at  920  meV 
(corresponding  to  electron  and  hole  wavefunctions  centred 
in  the  same  quantum  well)  and  the  first  p  =  ±1  ‘oblique’ 
transitions  at  890  and  960  meV  (corresponding  to  electron 
and  hole  wavefunctions  localized  around  adjacent  quantum 
wells)  are  observed.  The  low-energy  oblique  transition 
is  the  effect  used  for  guided-wave  optical  modulation  [4]. 
Applying  a  forward  bias  decreases  the  electric  field  across 
the  SL:  the  p  =  —  1  transition  is  blue-shifted  and  gains 
oscillator  strength,  and  additional  p  =  —  2  and  p  —  —  3 
transitions  appear  and  develop.  At  Vf  =  0.7  V,  the  built- 
in  field  is  almost  perfectly  screened  and  the  sample  is  in 
near  flatband  condition:  the  wavefunctions  are  delocalized 
over  the  superlattice  and  a  miniband  absorption  spectrum 
appears.  These  spectra  show  around  908  meV  a  region 
of  contrasted  ‘blueshift’  (or  negative  electroabsorption) 
modulation,  where  the  absorption  increases  when  the  field 
decreases. 

The  general  principle  of  optical  bistability  due  to 
electro-optical  feedback  [11]  is  the  screening  of  the  built- 
in  (or  applied)  electric  field  by  photocarriers,  in  a  spectral 
region  of  negative  electroabsorption.  Raising  the  incident 
power  increases  the  number  of  photocarriers.  They  tend 
to  screen  the  electric  field,  which  leads  to  an  increase 
of  the  absorption.  Optical  absorption  hence  causes  its 
own  increase.  If  the  absorption  change  is  sharp  enough, 
the  sample  can  switch  hysteretically  between  its  weakly 
absorbing  and  highly  absorbing  regimes.  This  behaviour  is 
illustrated  in  figure  5,  which  shows  the  transmitted  power 
Rout  as  a  function  of  the  incident  power  Pin  observed  in  our 
sample  for  various  working  wavelengths,  at  a  temperature 


Figure  5.  Transmitted  versus  incident  intensities  at  various 
photon  energies  at  77  K. 


of  77  K.  The  hysteresis  loop  is  observed  over  a  large 
(20  meV)  spectral  range.  The  two  slopes  associated  with 
the  corresponding  absorption  regimes  are  clearly  observed 
in  the  hysteresis  loop  at  908  meV.  The  incident  power  at 
the  centre  of  the  loop  is  less  than  1  p W  mm-2.  Moreover, 
the  2:1  ratio  between  the  switching-up  and  switching-down 
powers  Rnff  and  P,n^  offers  a  nice  insensitivity  to  input 
power  noise. 

Although  the  way  this  device  works  presents  strong 
analogies  with  the  SEED,  the  major  difference  is  that 
no  load  circuit  is  needed.  In  analogy  with  SEEDs,  the 
system  status  is  determined  by  the  intersections  of  the 
electroabsorption  curve  a(V )  and  a  Toad  line’,  which  is 
obtained  by  writing  that  the  sum  of  the  photocurrent  and 
the  diffusion-drift  current  is  zero.  Experimentally,  the  latter 
is  given  by  the  sample  I (V)  characteristic,  which  is  shown 
in  figure  6(a).  The  I(V)  curve  shows  a  spectacular  negative 
dynamical  resistance  (NDR)  effect.  The  origin  of  this  NDR 
is  not  definitely  established.  Tunnelling  between  the  SL 
and  the  optically  passive  region  surrounding  it  is  likely  to 
play  the  leading  role.  The  photocurrent  /Ph  is  proportional 
to  the  absorbed  power  (1  —  e~“ )  Pin .  Here,  the  maximum 
absorption  is  <  0.1,  so  we  can  drop  the  exponential  and 
get  the  load  line 

a  =  /(V)//5Pin.  (3) 

The  a{V )  curve  at  908  meV,  measured  from  the 
combination  of  transmission  and  photocurrent  data,  is 
plotted  in  figure  6(a)  together  with  the  load  lines 
(equation  (3)),  obtained  for  increasing  values  of  /3P;n. 
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Figure  6.  (a)  Absorption  versus  voltage  curve  for 
hv  -  908  meV  (broken  curve),  and  ‘load  lines’ 

(equation  (3))  for  increasing  values  of  the  incident  power 
Pin  (full  curves).  The  load  lines  are  proportional  to  the 
measured  l(V)  characteristic  (right  vertical  scale),  and  the 
low-voltage  sample  resistance  is  2  Mfl.  ( b )  Photovoltage 
and  transmitted  power  versus  incident  power  at  908  meV. 


It  is  clear  that  there  is  a  domain  of  fiPm  where  three 
intersections  exist.  An  argument  quite  similar  to  the 
original  discussion  of  Miller  et  al  proves  that  the  central 
point  is  unstable,  while  the  two  others  correspond  to  the 
stable  states  of  the  hysteresis  loop.  It  is  seen  at  first  glance 
that  the  contrast  in  transmitted  power  Pout  is  mainly  due 
to  the  electroabsorption  curve,  while  the  contrast  in  Pin 
thresholds  is  mainly  a  consequence  of  the  strong  NDR: 
drawing  a  straight  line  instead  of  the  actual  load  line 
would  obviously  lead  to  a  much  narrower  hysteresis  loop. 
The  quantitative  agreement  between  this  simple  model  and 
the  observed  optical  hysteresis  can  be  checked  in  more 
detail:  the  switching-up  (-down)  threshold  P;n^  (Pinti) 
corresponds  to  the  load  line  reaching  the  point  ‘A’  (‘B’) 
in  figure  6(a),  which  yields  a  2:1  Pm  ratio.  Conversely,  the 
2:1  absorption  difference  observed  in  figures  4  and  6(a) 
does  correspond  to  the  6.5%  optical  transmission  contrast 
observed  in  figures  2  and  6(b),  if  we  take  into  account  that 
the  measured  absorption  on  the  two-dimensional  plateau 
(above  980  meV  in  figure  4)  is  20%.  In  addition,  we 
can  measure  simultaneously  the  optical  transmission  and 
photovoltage  bistabilities,  as  shown  in  figure  6(b).  The 
threshold  photo  voltages  observed  in  figure  6(b)  (0.17  V  and 


0.4  V)  are  again  in  excellent  agreement  with  the  positions 
of  the  ‘A’  and  ‘B’  points  in  figure  6(a). 

The  transmision  contrast  decreases  with  increasing 
temperature,  and  ultimately  disappears  near  215  K.  This 
results  mainly  from  the  smoothing  of  the  electro-optical 
response,  which  diminishes  the  contrast  between  the 
‘weakly’  and  ‘highly’  absorbing  regimes.  It  is  noteworthy 
that  the  switching-up  power,  into  a  higher  absorption 
regime,  remains  constant  with  temperature:  activation  of 
carrier  diffusion  does  not  seem  to  affect  this  device  near 
room  temperature.  In  other  words,  the  sample  peak- 
current  associated  with  point  ‘A’  is  essentially  temperature 
independent.  On  the  contrary,  the  switching-down  power 
tends  to  increase  with  temperature,  which  indicates  that 
the  valley  current  corresponding  to  point  ‘B’  shows  some 
thermoactivation.  These  observations  are  consistent  with 
a  tunnel-diode  origin  for  the  observed  NDR,  but  do 
not  help  the  elucidation  of  its  origin.  In  fact,  while 
remarkable  and  stimulating,  the  strong  undesigned  NDR 
observed  in  this  sample  is  not  necessary  to  the  bistability. 
Actually,  it  disappears  in  other  parts  of  the  wafer  where 
the  transition  energies  are  shifted  by  a  few  meV,  due  to 
small  lateral  inhomogeneities  of  the  epitaxial  growth.  In 
small  photodiodes  processed  in  this  part  of  the  wafer,  well 
contrasted  but  narrower  hysteresis  loops  are  observed  and 
fitted  with  a  regular  diode  /(V)  curve  for  the  load  line 
(equation  (3)).  Finally,  let  us  note  that  designing  a  sample 
having  a  larger  built-in  electric  field  would  decrease  the 
initial  strength  of  the  oblique  transition  and  improve  the 
absorption  contrast.  This  is  likely  enough  to  ensure  room- 
temperature  operation.  Indeed,  we  have  been  able  to  restore 
the  bistability  loop  at  room  temperature  by  adding  a  reverse 
bias  of  —1.5  V,  which  simply  simulates  a  larger  built-in 
electric  field. 

The  working  power  P  <  1  /rW  mm-2  is  clearly 
outstanding,  but  the  parameter  of  ultimate  interest  for  a 
bistable  device  is  the  switching  energy  £s.  To  measure 
£s,  the  time  dependence  of  the  effect  must  be  investigated. 
For  this,  we  merely  chop  the  incident  beam  and  measure 
directly  the  photovoltaic  signal  on  an  oscilloscope  having 
a  1  input  resistance  somewhat  smaller  than,  but 

comparable  to,  the  1  mm2  sample  low-voltage  resistance. 
The  excitation  power  is  of  the  order  of  Pin^.  We  find 
exponential-like  responses  with  a  characteristic  time  r  « 
3  ms.  Using  APin  =  0.5  x  10~6  /r.W  /jl m-2,  we  get  a 
switching  energy  Es  as  small  as  2  fJ  /u,m~2!  This  value 
compares  favourably  with  the  30  fJ/gate  switching  energy 
of  today’s  silicon  MOSFETs.  Besides,  the  conservation 
of  energy  gives  us  another  way  to  estimate  the  switching 
energy:  from  the  electrostatical  point  of  view,  the  device 
is  essentially  a  capacitor,  and  Es  is  nothing  other  than  the 
corresponding  change  in  the  electrostatical  energy  stored 
in  the  capacitor.  Counting  only  the  absorbed  power  aPm, 
gives  Es  =  \CV2/a.  Using  V  =  0.6  V,  we  get  an  ultimate 
value  Es  =  1.8  fJ  /rm-2  in  close  agreement  with  our 
experimental  result.  In  addition,  it  is  noteworthy  that  the 
relaxation  time  r  is  essentially  an  SC  time  constant  where 
R  =  1  is  the  impedance  of  the  oscilloscope,  and  C 
is  the  device  capacitance.  From  the  sample  parameters, 
we  have  C  =  1  nF  mm-2,  which  gives  r  «  2  ms,  in 
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fair  agreement  with  the  mesured  3  ms.  This  RC  time 
can  be  reduced  by  shunting  the  device  with  a  smaller 
resistance.  However,  the  optical  power  necessary  to  screen 
the  built-in  electric  field  increases  proportionally.  Note 
also  that  the  switching-up  time  is  ultimately  associated 
with  the  photocarrier  drift  through  the  superlattice,  while 
the  switching-down  time  is  rather  governed  by  the  external 
resistance.  A  clear  difference  is  actually  observed  between 
the  fast  rise  time  and  slow  decay  time  of  the  photovoltage 
signal. 

Finally,  the  consideration  of  the  load  line  shape  in 
figure  6(a)  is  an  invitation  to  imagine  a  completely  new 
type  of  electro-optical  bistability  relying  exclusively  on 
negative  dynamical  resistance  and  not  on  the  positive 
feedback  associated  with  negative  electroabsorption.  This 
effect  is  actually  observed  at  the  photon  energy  hv  — 
892  meV,  where  the  sample  switches  from  an  absorbing 
state  to  a  more  transparent  one  when  increasing  Pm,  which 
is  at  odds  with  the  SEED  bistability.  The  interpretation 
is  the  following:  as  can  be  observed  in  figure  4,  hv  = 
892  meV  corresponds  to  the  spectral  region  below  the 
superlattice  bandgap,  where  large-field  electroabsorption 
is  due  to  the  ‘oblique  transition’  p  =  —1.  When  the 
field  decreases,  this  transition  is  blue  shifted,  and  the 
sample  becomes  nearly  transparent:  we  have  a  positive 
electroabsorption  increasing  with  increasing  electric  field, 
i.e.  decreasing  with  increasing  forward  bias.  This  usually 
leads  to  monostable  operation.  However,  in  the  presence 
of  a  strong  NDR,  multistability  is  still  possible,  because  the 
oscillation  in  the  load  line  overcompensates  the  absorption 
decrease.  Although  the  bistable  loop  is  smaller  than  at 
908  meV,  this  new  ‘antiSEED’  effect  is  of  particular 
interest  for  it  is  ‘complementary’  to  the  classical  one  in 
more  or  less  the  same  sense  as  electron-channel  and  hole- 
channel  field  effect  transistors  are  ‘complementary’.  In 
addition,  it  should  be  stressed  that  the  absorption  contrast 
is  as  good  as  or  even  slightly  better  than  at  908  meV. 

To  conclude  this  section,  the  high  sensitivity  of  the 
Wannier-Stark  effect  allows  the  observation  of  electro- 
optical  bistability  with  no  applied  bias,  which  leads  to 
a  record  switching  energy  as  small  as  2  fJ  gm-2.  In 
addition,  we  have  observed  novel  all-optical  bistability 
effects  based  on  a  strong  built-in  negative  dynamical 
resistance.  Depending  on  the  sign  of  the  electroabsorption 
effect,  this  NDR  may  cause  two  qualitatively  different,  in 
some  respect  complementary,  bistabilities.  The  temperature 
dependence  of  the  effects  leaves  us  hope  that  modest 
improvement  of  the  structure  will  allow  room-temperature 
operation.  Let  us  stress  that  the  transmission  contrast 
of  such  a  structure  is  necessarily  small  (a  few  per  cent), 
because  the  number  of  periods  has  to  remain  small  in  order 
to  ensure  the  ‘high-field’  regime  with  no  bias.  However, 
the  absorption  contrast  is  large,  and  inserting  the  structure 
in  a  Fabry-Perot  cavity  is  a  straightforward  solution  to  the 
modulation  contrast  problem.  Finally,  it  is  noteworthy  that 
the  working  wavelength  here  is  in  the  1.5  pm  wavelength 
range,  directly  suitable  for  telecommunication  applications, 
but  the  Wannier-Stark  effects  may  be  implemented  in  other 
materials  as  well. 


4.  Conclusions 

We  have  tried  to  illustrate  a  ‘basic’  approach  to  device 
physics.  This  approach,  based  on  detailed  characterization 
and  modelling  of  the  properties,  contrasts  with  the 
more  empirical  approach  generally  followed  in  industrial 
laboratories.  Whether  this  time-  and  energy-consuming 
comprehensive  approach  is  more  or  less  efficient  than  the 
simple  parametrical  optimization  certainly  depends  on  the 
problem  under  consideration  and  on  the  degree  of  maturity 
of  the  technology.  It  seems  obvious  that  complex  problems 
with  interfering  parametric  dependences  should  benefit 
from  a  detailed  analysis.  Conversely,  one  should  always 
keep  in  mind  that  detailed  modelling  neglecting  a  single 
relevant  issue  will  always  miss  its  target.  In  this  regard, 
complete  comparison  of  modelling  and  experimental  results 
is  essential. 
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Effect  of  donor  impurities  on 
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systems 
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Abstract.  Results  of  recent  far-infrared  magnetospectroscopic  studies  of  a  series 
of  GaAs/AIGaAs  multiple-quantum-well  samples  with  Si  donors  5-doped  both  in  the 
20  nm  well  centres  (2  x  1010  cm-2)  and  in  the  60  nm  barrier  centres 
((3.5-28)  x  1010  cm"2)  are  described.  In  the  presence  of  excess  electrons  a  strong 
singlet  transition  of  the  D~  ions  is  observed,  and  one  of  the  two  predicted  triplet 
transitions  has  been  identified.  At  higher  electron  densities  these  transitions  evolve 
continuously  into  blue-shifted  singlet-like  and  triplet-like  bound  magnetoplasmon 
transitions.  For  the  two  highest-density  samples  the  singlet-like  transition  exhibits 
clear  discontinuous  changes  in  slope  versus  field  at  integral  Landau  level  filling 
factors  (FFs).  Plots  of  the  difference  in  energy  between  the  many-electron 
singlet-like  transition  and  the  D~  singlet  transition  normalized  by  the  high-field 
Coulomb  energy  versus  FF,  exhibit  cusp-like  behaviour  at  FFs  1  and  2  at  4.2  K  for 
the  highest  density  sample,  and  at  1  and  4/3  at  1 .7  K  for  the  lower  density  sample. 
The  results  at  integral  FFs  are  compared  with  recent  theoretical  calculations. 

These  experiments  indicate  that  controlled  doping  of  a  random  array  of  donor  ions 
can  be  used  to  probe  the  nature  of  many-electron  states  in  confined  systems. 


Many-electron  effects  in  low-dimensional  semiconductor 
structures,  which  give  rise  to  a  number  of  fascinating 
phenomena  such  as  the  fractional  quantum  Hall  effect 
(FQHE),  Wigner  crystallization  and  recently  the  possibility 
of  skyrmion  states  (Brey  et  al  1995),  have  been  of  interest 
for  many  years.  Effect  of  these  and  related  phenomena 
have  been  probed  by  interband  optical  techniques,  but 
direct  studies  via  intraband  magneto-optical  transitions  have 
been  largely  frustrated  by  the  fact  that  for  a  translationally 
invariant  system  the  free  carrier  transition  in  a  magnetic 
field,  cyclotron  resonance  (CR),  is  sensitive  only  to  the 
centre  of  mass  motion  of  the  entire  electron  gas,  and  not  to 
the  relative  degrees  of  freedom  (Kohn  1961).  On  the  other 
hand,  the  simplest  example  of  a  many-electron  system, 
a  hydrogenic  negative  donor  ion,  D~  (the  semiconductor 
analogue  of  the  negative  hydrogen  ion  of  atomic  physics), 
has  been  studied  directly  by  FIR  magnetospectroscopy  for 
a  number  of  years  in  bulk  semiconductors.  Recently, 
stable  D_  ions  in  the  absence  of  photoexcitation  have  been 
identified  (Huant  et  al  1991)  in  GaAs/AIGaAs  quantum 
wells,  and  additional  work  has  verified  and  extended 
these  studies  (Holmes  et  al  1992,  Mueller  et  al  1992, 
Mandray  et  al  1992).  Later  studies  (Cheng  et  al  1993),  in 
which  excess  electrons  were  introduced  into  the  wells  by 
stepwise  modulation  doping,  exhibited  interesting  effects, 
the  most  striking  of  which  were  a  Wue-shift  of  the  D~ 


singlet  transition  with  increasing  excess  electron  density 
and  discontinuities  in  the  slope  of  the  transition  energy 
versus  magnetic  field  at  integral  Landau  level  filling  factors 
(FFs).  Many-body  calculations  in  the  high  magnetic 
field,  strictly  two-dimensional  (2D)  limit,  have  provided 
a  qualitative  explanation  for  the  blue  shift  at  FFs  1  and 
2  in  terms  of  collective  transitions  of  the  many-electron 
system  in  the  presence  of  a  positively  charged  impurity  ion 
(bound  magnetoplasmons)  (Dzyubenko  and  Lozovik  1993, 
Hawrylak  1994).  Thus  GaAs/AIGaAs  quantum  wells  with 
a  controlled  density  of  randomly  distributed  impurities  in 
the  wells  provide  a  possible  tool  for  probing  many-body 
interactions  of  a  quasi-2D  electron  gas,  which  are  rendered 
visible  in  the  FIR  magneto-optical  spectrum  due  to  removal 
of  translational  invariance  in  the  plane. 

In  order  to  provide  a  basis  for  understanding  possible 
many-electron  transitions,  it  is  useful  to  examine  the  nature 
of  the  quantized  single-particle  states  in  high  magnetic 
fields  (Johnson  and  Lippmann  1949)  in  a  strictly  2D 
situation.  The  energy  states  of  an  electron  of  effective 
mass  m*  confined  in  a  2D  plane  perpendicular  to  a  constant 
external  magnetic  field  (B\\z  for  specificity)  are  the  so- 
called  Landau  levels,  EN  —  hcoc(N  +  1/2),  where  N  = 
0,  1, 2, ...  is  the  Landau  level  quantum  number  and  cuc  = 
eB/m*c  is  the  cyclotron  frequency.  The  energy  states  are 
highly  degenerate,  and  a  number  of  operators  that  commute 


0268-1 242/96/1 1 1 608+05$  1 9.50  ©  1 996  IOP  Publishing  Ltd 


FIR  magnetospectroscopy  of  electrons 


N 


0  12  3 


O  =  N  -  Mz=  No  -  N 


O  =  N  -  Mz 


(a) 


(b) 


Figure  1.  (a)  Schematic  energy  level  diagram  showing  the  relationship  among  the  various  quantum  numbers  described  in 
the  text.  Typical  cyclotron  resonance  (CR)  transitions  are  indicated  by  the  bold  vertical  arrows,  (b)  Schematic  single-particle 
energy  level  diagram  for  the  two  lowest  Landau  levels  in  the  presence  of  a  positive  impurity  ion  at  the  coordinate  origin.  Two 
allowed  transitions  from  the  ground  state  are  depicted  as  long  and  short  full  arrows  (1s-2p±  in  the  low-field,  hydrogenic 
notation)  respectively.  An  allowed  excited  state  transition  is  shown  by  the  broken  arrow  (2p_-2s  in  the  low-field  hydrogenic 
notation). 


with  the  Hamiltonian  can  be  defined  and  pairs  of  quantum 
numbers  specified  to  determine  the  quantum  mechanical 
problem  completely.  Two  that  are  particularly  useful  are 
the  operator  that  corresponds  to  the  square  of  the  radius 
of  the  centre  of  the  cyclotron  orbit,  +  yfi,  where 

xo  and  y0  are  operators  for  the  coordinates  of  the  orbit 
centre;  and  the  operator  corresponding  to  the  square  of  the 
radius  of  the  cyclotron  orbit  about  the  orbit  centre,  r2  = 
(4 /m*col)H,  where  H  is  the  Hamiltonian.  The  eigenvalues 
of  these  operators  are  t2(20  +  1)  (O  =  0, 1, 2,  3, ...  is  the 
orbit-centre  quantum  number)  and  t2{2N  1)  respectively, 

where  t  =  ( he/cB)l/ 2.  The  quantum  numbers  O  and 
N  form  a  convenient  representation  specifying  the  orbit- 
centre  positions  and  the  energy  states.  For  each  Landau 
level  one  allowed  state  corresponds  to  the  area  between 
adjacent  circles  of  radius  ro,  A  =  2jtl2,  and  the  Landau 
level  degeneracy  is  tj  =  1/2 nl2  =  eB/hc\  the  filling 
factor  (FF)  is  then  ns/r)  =  2nt2ns  =  hcns/eB,  where 
ns  is  the  2D  electron  density.  The  operator  for  the  z- 
component  of  angular  momentum,  Lz,  also  commutes  with 
the  Hamiltonian  and  has  eigenvalues  TiMz  =  0,  ±\h,  ±2h, 
±3 Ti . . .  (Mz  <  N).  Mz  is  not  an  independent  quantum 
number,  Mz  =  N  —  O .  The  quantity  \MZ\  is  proportional 
to  the  average  distance  between  the  electron  and  the  origin, 
thus  it  is  useful  in  understanding  physically  how  an  impurity 
located  at  the  origin  perturbs  the  Landau  levels. 

The  Hamiltonian  can  also  be  decomposed  into  two 
terms,  a  2D  simple  harmonic  oscillator  and  (hcoc/2)Lz.  The 
oscillator  quantum  number,  N0,  and  Mz  are  good  quantum 


numbers  for  this  problem;  No  =  N  +  O.  The  parity  of  the 
wavefunctions  is  determined  by  N  +  O,  (—l)N+0.  (Note 
that  Mz  =  N  +  O  —  20,  and  therefore  (—  1)^+°  =  (—  \)Mz, 
so  Mz  also  independently  determines  the  parity.)  From 
conservation  of  parity  and  the  z-component  of  angular 
momentum  the  electric-dipole  selection  rules  are  A  Mz  = 
±1  and  AO  =  0  (AiV  =  ±1  follows);  free  carrier 
transitions  between  states  with  different  orbit  centres  are 
forbidden.  The  energy  states,  quantum  numbers  and 
selection  rules  are  summarized  in  figure  1(a). 

Figure  1(b)  shows  schematically  the  single-particle 
energy  levels  and  allowed  transitions  associated  with  the 
two  lowest  Landau  levels  in  the  presence  of  a  Coulomb 
potential  due  to  a  positive  charge  at  the  origin.  Note  that 
the  selection  rule  on  O  is  relaxed  at  finite  fields  due  to 
the  impurity  Coulomb  potential,  and  AO  ^  0  transitions 
are  weakly  allowed.  An  allowed  excited  state  transition, 
(01) — 1 11),  is  shown  by  the  broken  arrow;  this  is  the  2p_- 
2s  transition  in  the  low-field  hydrogenic  notation.  The 
‘peculiar’  behaviour  of  the  N  =  1,  0  =  1  energy  level 
results  from  the  fact  that  although  the  orbit  centre  is  not  at 
the  origin,  the  probability  density  is  peaked  at  the  origin  as 
indicated  by  \MZ\  =0. 

The  negative  donor  ion  two-electron  states  and  allowed 
transitions  are  straightforward  to  envisage.  The  two- 
electron  selection  rules  are:  A M'ot  =  ±1;  AOtot  /  0 
weak,  where  M'ot  =  Mzi  +  Mz 2  and  Otot  =  0\  +  Oi-  The 
basis  ground  state  (Atot  =  0,  Otot  =  0,  M'ot  =  0)  is  the 
singlet  combination  of  spin  functions  with  the  symmetric 
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Figure  2.  Magnetotransmission  spectra  for  sample  1.  (a)  Data  taken  at  4.2  K  in  magnetic  fields  between  5  T  and  13  T  in 
steps  of  0.2  T,  and  at  13.5  T  and  14  T.  ( b )  Data  taken  at  20  K  in  magnetic  fields  between  7  T  and  15  T  in  steps  of  0.5  T. 


linear  combination  of  the  product  |00)i(2)|00)2(n  (in  the 
notation  \NO)it  where  i  =  1  or  2).  The  two  strongest 
singlet  transitions  (Dzyubenko  1994)  at  intermediate  fields 
terminate  on  excited  states  associated  with  the  N  =  1 
Landau  level  (symmetric  linear  combination  of  the  product 
1 00), c2)|10}2(i);  N'°l  =  1;  Otot  =  0;  M‘ot  =  1),  and 
the  N  =  0  Landau  level  (symmetric  linear  combination 
of  the  product  |00) , (2) |01  )2(i) ;  N101  =  0;  0,ot  =  1; 
M'ot  =  —1).  These  transitions  are  red-shifted  from 
their  neutral  donor  single-particle  counterparts,  |00)  — 

1 10)  and  |00)  —  |01)  respectively,  due  to  the  electron- 
electron  repulsion,  which  is  stronger  in  the  ground  state 
than  the  excited  state.  Similar  considerations  apply  to 
the  triplet  states  with  appropriate  antisymmetric  linear 
combinations  of  the  products  of  orbital  states  with  the 
three  triplet  spin  combinations.  The  antisymmetric  orbital 
functions  maximize  the  average  separation  between  the 
two  electrons,  and  thus  minimize  the  repulsive  Coulomb 
energies,  leading  in  general  to  smaller  shifts  from  their 
single-particle  counterparts  than  the  singlet  transitions.  Two 
strong  transitions  are  allowed  to  excited  spin-triplet  states, 
both  of  which  are  associated  with  the  N  =  1  Landau  level 
and  track  along  with  cyclotron  resonance  in  the  high-field 
limit.  One  transition  (T_)  lies  below  CR  (close  to  the 
neutral-donor,  single-electron  |0I)  —  1 1 1 )  transition,  while 
the  other  (T+)  occurs  at  energies  higher  than  CR,  close  to 
the  corresponding  neutral-donor,  single-electron  |00)-|10) 
transition  (see  figure  1  (b)). 

As  additional  excess  electrons  are  added,  exchange 
and  correlation  effects  for  all  the  electrons  must  be  taken 


into  account,  as  well  as  final  state  interactions  for  optical 
transitions,  but  the  dominant  many-electron  transitions, 
singlet-  and  triplet-like  transitions,  still  retain  the  basic 
characters  of  the  D-  singlet  and  triplet  transitions  outlined 
above.  Hawrylak  (1994)  and  Dzyubenko  and  Lozovik 
(1993)  have  independently  calculated  the  many-electron 
transitions  in  the  presence  of  a  positively  charged  donor 
ion  in  the  strictly  two-dimensional,  high-magnetic-field 
limit  at  integral  filling  factors.  Both  obtain  a  blue-shift 
of  the  many-electron  transitions  compared  with  their  two- 
electron  counterparts.  The  physical  origin  of  the  shift  is 
largely  exchange  lowering  of  the  many-electron  ground 
state  relative  to  the  excited  state;  the  shift  is  thus  larger 
at  FF  =  2  than  at  FF  =  1 . 

The  far-infrared  magnetospectroscopy  studies  were 
primarily  carried  out  with  a  BOMEM  DA-3  Fourier 
transform  infrared  spectrometer  in  conjunction  with  9  T 
and  17  T  superconducting  magnetic  systems,  light-pipe, 
condensing  cone  optics,  and  Ge:Ga  photoconductive 
detectors.  Measurements  were  made  at  temperatures 
between  1.7  K  and  40  K.  The  three  MBE  samples 
investigated  were  part  of  a  larger  set  (see,  for  example 
Cheng  et  al  1993)  all  having  the  same  basic  structure, 
20  nm  GaAs  wells  and  60  nm  Alo.3Gao.7As  barriers  repeated 
20  times,  all  planar-doped  with  Si  donors  in  the  well  centres 
at  2  x  1010  cm-2  and  planar  doped  in  the  barrier  centres  at 
3.5  x  1010  cm-2  (sample  1),  1.5  x  10"  cm-2  (sample  2), 
and  2.8  x  1011  cm-2  (sample  3). 

Magnetotransmission  spectra  for  sample  1  are  shown  in 
figure  2.  The  major  features  at  4.2  K  (figure  2(a))  are  CR 
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Figure  3.  (a)  Magnetotransmission  spectra  for  sample  3  at  4.2  K  in  magnetic  fields  between  5  T  and  13  T  in  steps  of  0.2  T, 
and  at  13.5  T  and  14  T.  (b)  Transition-energies  versus  magnetic  field  for  the  D_  singlet  (■)  and  CR  (a)  for  sample  1,  and  the 
singlet-like  transitions  for  samples  2  (0)  and  3  (•). 


at  121  cm-1  at  9  T  (the  CR  lines  for  all  the  other  spectra 
at  different  fields  are  aligned  in  order  to  show  clearly 
the  behaviour  of  the  negative  donor  ion  feature(s)).  The 
strong  feature  at  higher  energies  is  the  isolated  D“  singlet 
line.  The  increasing  separation  from  CR  with  increasing 
magnetic  field  (32  cm-1  to  42  cm-1)  is  apparent  for  this 
sample  (Holmes  etal  1992).  The  positions  of  this  transition 
versus  magnetic  field  are  plotted  in  figure  3(b)  as  the 
full  squares.  Figure  2(b)  shows  data  taken  on  the  same 
sample  at  20  K.  The  strong  feature  that  appears  on  the  low- 
frequency  side  of  CR  is  the  lower-energy  triplet  transition 
(T_)  whose  separation  from  CR  is  almost  constant  with 
magnetic  field  in  this  range  (12-13  cm-1  below  CR); 
elevated  temperature  is  required  to  populate  the  ground  state 
of  this  transition  (Ryu  et  al  1996).  In  addition,  evidence  of 
the  D°  |00)— 1 10)  line  is  seen  at  higher  frequencies.  These 
data  provide  the  reference  positions  for  the  isolated  D- 
singlet  and  triplet  transitions  for  comparison  with  the  many- 
electron  bound  magnetoplasmon  transitions. 

Magnetotransmission  data  for  sample  3  (the  sample 
with  the  highest  excess  electron  density)  are  shown  in 
figure  3(a).  The  singlet-like  bound  magnetoplasmon 
transition  is  clearly  blue-shifted  (approximately  9-10  cm-1 
at  5  T)  from  the  D~  singlet  position  of  sample  1.  In 
addition,  the  triplet-like  bound  magnetoplasmon  is  apparent 
at  fields  between  8  and  8.5  T  as  a  weak  shoulder  on  the  low- 
field  side  of  the  broadened  (mostly  due  to  overabsorption) 
CR.  Detailed  line  fitting  for  this  sample  and  for  sample  2 
shows  that  this  line  is  also  slightly  blue-shifted  from  its 


isolated  D~  triplet  counterpart.  However,  since  effects 
on  the  triplet-like  bound  magnetoplasmon  are  smaller  and 
more  difficult  to  extract  due  to  its  proximity  to  CR,  the 
remainder  of  the  discussion  will  concentrate  on  the  singlet¬ 
like  transition. 

A  summary  of  the  resonance  positions  versus  magnetic 
field  for  the  D~  singlet  and  CR  for  sample  1,  and  the 
singlet-like  magnetoplasmons  for  samples  2  and  3,  is 
presented  in  figure  3(b).  The  substantial  blue-shift  of  the 
singlet  magnetoplasmon  data  of  samples  2  and  3  above 
the  D“  singlet  data  of  sample  1  is  apparent,  with  a  larger 
shift  for  sample  3  (full  circles)  than  for  sample  2  (open 
diamonds).  There  are  clear  breaks  in  the  slope  for  both 
samples  2  and  3,  just  below  6  T  and  around  11.5  T  for 
sample  3,  and  just  over  6  T  for  sample  2. 

In  order  to  examine  these  data  more  closely  and  to 
provide  a  direct  comparison  with  theory,  the  data  for 
samples  3  and  2  are  replotted  versus  FF  in  figures  4(a) 
and  (b),  respectively,  as  energy  differences  between  the 
singlet-like  magnetoplasmon  and  the  D_  singlet  transitions 
normalized  by  the  magnetic-field-dependent  binding  energy 
of  a  2D  neutral  donor  in  the  high-field  limit,  E0  = 
(it /2)xl2(e2 /<zt)  =  (7r/2)1/2£coui-  with  €  the  background 
dielectric  constant  and  Zicoui  the  high-field  Coulomb  energy. 
The  data  for  sample  3  at  4.2  K  show  clear  cusp-like 
behaviour  slightly  above  FF  =  1  and  slightly  below  FF  =  2, 
in  qualitative  agreement  with  a  strictly  2D,  high-field-limit 
theory  (Hawrylak  1994)  which  predicts  a  2:1  ratio  of  the 
normalized  difference  at  FF  =  2  to  that  at  FF  =  1.  The 
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Figure  4.  Energy  differences  between  the  singlet-like 
magnetoplasmon  and  the  D-  singlet  transitions  normalized 
by  the  binding  energy  of  a  2D  neutral  donor  in  the 
high-magnetic-field  limit  are  plotted  versus  FF  for 
samples  3  (a)  and  2  ( b ).  The  lines  are  guides  to  the  eye. 

measured  ratio  is  1.3:1.  The  discrepancy  is  at  least  in 
part  due  to  the  finite  well  width  (200  A)  and  rather  low 
fields  of  the  experiments.  The  parameter  that  measures  the 
field  strength,  y  =  ho)c/2Ry*,  where  Ry*  is  the  effective 
Rydberg,  varies  from  0.6  to  2.2  over  the  experimental  field 
range;  so  there  is  substantial  Landau  level  mixing,  which  is 
not  accounted  for  in  the  theory.  There  is  also  an  indication 
of  additional  cusp-like  behaviour  near  FF  =  1.4,  but  this  is 
not  significantly  outside  experimental  error. 

The  data  for  sample  2  at  1.7  K  in  figure  4(b)  show 
even  sharper  cusp-like  features  near  FF  =  1,  but  do  not 
encompass  the  low  fields  necessary  to  reach  FF  =  2 
(<  2.9  T)  for  this  lower-density  sample.  A  comparison 
of  the  normalized  shift  at  FF  =  1  for  this  sample  and 
sample  3  shows  that  the  scaled  blue-shift  is  identical  for 
both  samples  (~  0.09),  which  is  indicative  of  the  unifying 
aspects  of  the  theoretical  approach  and  clearly  connects  the 


experimental  observations  to  many-electron  effects.  The 
difference  in  behaviour  between  samples  2  and  3  in  the 
region  between  FF  =  1  and  1.5  may  be  related  to  the 
particularly  low  fields  requires  for  these  FFs  in  sample  2 
and  overlap  of  the  broadened  Landau  levels.  Nevertheless, 
there  is  a  clear  anomaly  in  the  vicinity  of  FF  =  4/3  for 
this  sample.  At  present  there  is  no  theoretical  explanation 
for  these  anomalies,  but  from  the  behaviour  near  integral 
FFs,  it  is  clear  that  these  many-electron  transitions  are 
sensitive  to  the  details  of  the  electron  (or  quasi-electron) 
configuration,  particularly  in  the  vicinity  of  the  positive 
charge.  The  present  experiments  clearly  demonstrate  that 
in  the  presence  of  a  random  array  of  positive  donor 
ions  many-electron  effects  are  revealed  directly  in  far- 
infrared  magnetospectroscopy;  these  results  should  serve 
to  motivate  additional  theoretical  work  in  the  region  of 
fractional  filling  and  additional  work  at  lower  temperatures 
and  higher  magnetic  fields. 
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Abstract.  We  investigated  the  low-field  magnetoresistivity  pxx  of  a  two-dimensional 
electron  gas  (2DEG)  underneath  microstructured  ferromagnetic  gratings.  The 
strength  and  the  direction  of  an  externally  applied  magnetic  field  determines  the 
strength  and  the  shape  of  the  micromagnet’s  stray  field.  Commensurability  effects 
due  to  the  imposed  periodic  magnetic  field  are  in  competition  with  similar  effects 
resulting  from  a  strain-induced  periodic  electrostatic  potential,  associated  with  the 
patterned  ferromagnets  on  top  of  the  heterojunction.  The  presence  of  both  a 
periodic  magnetic  field  and  a  periodic  electrostatic  potential  gives  rise  to  the 
interesting  interference  phenomena  presented  here. 


By  means  of  patterned  ferromagnetic  [1,2]  or  super¬ 
conducting  [3]  layers  on  top  of  two-dimensional  electron 
systems,  it  is  possible  to  study  electron  motion  in 
inhomogeneous  magnetic  fields  varying  on  a  length 
scale  small  compared  to  the  mean  free  path  le  of 
the  electrons.  By  periodically  arranging  ferromagnetic 
‘wires’  with  submicron  diameters  on  top  of  a  high- 
mobility  GaAs-AlGaAs  heterojunction  (figures  1  (a,  c)),  it  is 
possible,  for  example,  to  generate  a  one-dimensional  (ID) 
periodic  magnetic  field  in  the  plane  of  the  two-dimensional 
electron  gas  (2DEG).  In  analogy,  two-dimensional  (2D) 
periodic  or  random  magnetic  fields  can  be  generated  by 
placing  ferromagnetic  dots  either  periodically  ([4],  see 
also  figures  l(b,  d))  or  randomly  on  top  of  a  2DEG 
[5].  Here,  we  focus  on  transport  properties  of  a  2DEG 
underneath  ferromagnetic  gratings  (figures  1  (a,  c))  resulting 
in  both  a  ID  periodic  magnetic  field  and  a  ID  periodic 
electrostatic  potential.  The  latter  is  due  to  different  thermal 
expansion  coefficients  of  the  ferromagnetic  material  (here 
dysprosium)  and  the  semiconductor  layers,  which  gives  rise 
to  a  strain-induced  modulation  of  the  kinetic  energy  of  the 
electrons  [6], 

The  effect  of  a  weak  periodic  magnetic  field  on 
a  2DEG  has  been  predicted  to  result  in  an  oscillatory 
magnetoresistance,  which  reflects  the  commensurability 
between  the  period  a  of  the  magnetic  field  modulation 
and  the  classical  cyclotron  diameter  2 Rc  of  the  electrons 
at  the  Fermi  energy  EF  [7-10].  For  a  weak  ID  magnetic 
modulation  with  modulation  amplitude  |  Bm  |  much  smaller 
than  the  external  magnetic  field  |Bol>  the  magnetoresistance 
pxx  oscillates  with  minima  appearing  at  magnetic  fields 
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given  by  [7-10] 


where  A  =  0,  1 , ...  is  an  integer  oscillation  index,  kF  = 
y/2jrns  is  the  Fermi  wavenumber,  ns  is  the  carrier  density 
of  the  2DEG,  and  a  is  the  period  of  the  ID  modulation 
in  the  x  direction.  This  effect,  observed  recently  [1- 
3],  is  intimately  related  to  the  commensurability  (Weiss) 
oscillations  observed  in  the  resistivity  pxx  of  a  2DEG 
with  weak  electric  modulation  [11-13],  Similar  to  the 
electric  case,  the  magnetic  modulation  modifies  the  energy 
spectrum  [7-10].  The  degenerate  Landau  levels  are 
transformed  into  bands  of  finite  width.  The  dispersion  of 
these  Landau  bands  provides  an  additional  contribution  to 
the  resistivity  pxx,  which  vanishes  only  when  the  bandwidth 
becomes  zero  (‘flat-band  condition’)  [12, 13].  In  contrast  to 
equation  (1),  describing  the  flat-band  condition  for  magnetic 
modulation,  the  flat-band  condition  for  weak  electrical 

modulation  reads  2 Rc  =  (A— ^)a  with  A  =  1,  2 . Hence, 

Pxx  of  a  2DEG  with  a  weak  electric  modulation  displays 
minima  at  Bq  fields  where  maxima  would  appear  in  a  weak 
magnetic  modulation  of  the  same  period  a. 

For  the  case  of  a  pure  electric  modulation,  the  additional 
contribution  to  pxx  has  been  related  to  the  classical 
guiding  centre  drift  of  the  cyclotron  orbits,  which  vanishes 
if  the  flat- band  condition  holds  [14].  This  classical 
picture  can  be  extended  to  include,  in  addition  to  an 
arbitrary  periodic  modulation  Vm  (r)  =  Vqe'qr  of 

the  electrostatic  potential  energy  of  an  electron,  a  weak 
modulation  Bm(r )  =  Bqz'qr  of  the  z  component  of 
the  magnetic  field  ( q  =  (Knx,  Kny)  with  K  =  2jt fa  and 
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Figure  1.  Sketch  of  ferromagnetic  strips  (a)  and  dots  (b)  used  to  generate  a  ID  and  a  2D  periodic  magnetic  field  in  the  plane 
of  a  2DEG  in  GaAs-AIGaAs  heterojunctions.  Arrows  indicate  a  magnetization  in  the  ±z  direction.  The  corresponding 
electron  micrographs  show  200  nm  high  strips  (c)  and  dots  (d)  made  of  dysprosium  (Dy). 


integers  nx,  ny,  not  simultaneously  zero).  Averaging  the 
modulation-induced  drift  of  the  guiding  centres  over  the 
unperturbed  cyclotron  orbits  at  field  Bo  [14, 15],  we  obtain 
a  change  in  the  resistivity 


APx.r 

Po 


n 


7  F2 

LCjF  q^O 


(2) 


S"{^y  Kcos(^-l) 

+  sin  (*lRc  ~  j  (3) 

where  po  —  1  /ensp  is  the  zero-field  resistivity  of  the 
unmodulated  2DEG  with  the  electron  mobility  p,  coq  = 
eBq/m*  ( m *  is  the  effective  electron  mass  of  GaAs)  and 
a  is  either  +1  or  —1  depending  on  the  direction  of 
the  externally  applied  magnetic  field  Bo-  For  our  ID 
modulation  ( q  —  ( Knx,0 )),  we  find  A pxy  =  A pyx  = 
A pyy  =  0  to  leading  order  in  the  small  parameter  (pB)~] . 

Our  samples  were  prepared  from  high-mobility  GaAs- 
AlGaAs  heterojunctions.  The  2DEG  was  located 
approximately  100  nm  underneath  the  sample  surface. 
The  carrier  density  ns  and  electron  mobility  p  at  4.2  K 
were  ~2.2  x  10n  cnT  and  1.3  x  106  cm2  V~'  s-1  in 
the  dark,  corresponding  to  an  elastic  mean  free  path  of 
~10  pm.  50  pm  wide  Hall  bars  were  fabricated  by 
standard  photolithographic  techniques.  Alloyed  AuGe/Ni 
pads  contact  the  2DEG.  A  10  nm  thin  NiCr  film,  evaporated 
on  top  of  the  devices,  defines  an  equipotential  plane  to 


avoid  electric  modulation  of  the  2DEG.  However,  strain 
due  to  different  thermal  expansion  coefficients  of  the 
ferromagnetic  grating  and  the  heterojunction  always  results 
in  a  weak  electric  periodic  potential  as  the  sample  is 
cooled  down  to  cryogenic  temperatures.  The  Dy  gratings 
with  periods  of  500  nm  and  1  pm  were  defined  by 
electron  beam  lithography  on  top  of  the  NiCr  gates.  After 
developing  the  exposed  PMMA  resist,  a  200  nm  Dy  film 
was  evaporated.  After  lift-off  in  acetone,  ferromagnetic 
gratings,  like  the  one  shown  in  figure  1(c),  were  obtained. 
Four-point  resistance  measurements  were  performed  in  a 
4He  cryostat  with  superconducting  coils  using  standard  a.c. 
lock-in  techniques. 

Figure  2  displays  the  magnetoresistance  of  a  2DEG 
measured  for  different  directions  of  the  magnetization 
M.  The  direction  of  M  (see  inset  of  figure  2)  was 
adjusted  by  tilting  the  sample  with  respect  to  the  direction 
of  the  external  magnetic  field  which,  in  this  case,  was 
swept  up  to  a  maximum  field  of  10  T  and  then  back 
to  B0  =  0  T.  For  the  resistance  measurements  the 
samples  were  rotated  back  in  such  an  orientation  that 
the  external  magnetic  field  S0  was  applied  normal  to 
the  plane  of  the  2DEG  ( z  direction).  Because  the  Dy 
microstructures  used  here  show  pronounced  hard  magnetic 
behaviour,  the  imposed  magnetization  is  only  slightly 
changed  in  the  low-field  region.  If  the  strips  are  magnetized 
along  their  axis,  essentially  no  magnetic  modulation  is 
imposed  on  the  2DEG,  as  expected,  and  the  pxx  trace  is 
virtually  independent  (on  this  scale)  of  the  applied  magnetic 
field.  The  situation  changes  dramatically  if  the  strips  are 
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Figure  2.  Resistance  of  a  2DEG  as  a  function  of  the 
externally  applied  magnetic  field  6b  (always  pointing  in  the 
z  direction)  measured  at  4.2  K.  Different  traces  correspond 
to  different  directions  of  the  magnetization  M  (see  inset). 
The  different  amplitudes  of  the  oscillations  for  M\\x  and 
M||z  indicate  different  strengths  of  the  stray  field  in  the 
z  direction  and  are  probably  a  consequence  of  the 
rectangular  shape  of  the  wires  (see  figure  1(c)). 

magnetized  either  in  the  z  or  in  the  x  direction  (see  inset 
of  figure  2).  Pronounced  oscillatory  behaviour  dominates 
pxx  with  minima  at  magnetic  field  positions  predicted  for 
pure  magnetic  modulation.  Hence,  these  traces  display 
the  magnetic  commensurability  oscillations  anticipated  by 
theory.  Since  on  the  other  hand  we  know  that  a  strain- 
induced  electric  modulation  is  present,  we  conclude  that 
for  the  maximum  ‘conditioning’  field  of  Bmax  =  10  T  the 
strength  of  our  micromagnets  covers  up  the  effect  of  the 
electrostatic  potential  modulation. 

By  increasing  the  magnetization  M  gradually  starting 
from  M  =  0,  the  influence  of  both  the  electrostatic 
periodic  potential  and  the  magnetic  modulation  can  clearly 
be  seen  [1],  This  is  shown  in  figure  3  for  a  magnetization 
of  the  strips  in  the  z  direction  where  the  strain-induced 
electrostatic  periodic  potential  is  in  phase  (maxima  of 
the  periodic  potential  and  the  periodic  magnetic  field  are 
both  underneath  the  centres  of  the  magnetic  strips;  see 
figure  5(c))  with  the  periodic  magnetic  field.  In  figure  3 
traces  labelled  (a)  to  (e)  are  taken  for  different  maximum 
‘conditioning’  fields  Bmax  between  1  T  (a)  and  10  T 
(e).  With  increasing  Bmax  a  richer  oscillatory  structure 
unfolds  in  pxx,  indicating  a  growing  amplitude  of  the 
magnetic  field  modulation.  Open  triangles  mark  the 
expected  positions  of  the  minima  (flat-band  condition)  for 
pure  electric  modulatior  at  2 Rc  =  (A  —  \)a  while  filled 
ones  mark  pure  magnt  ic  modulation  at  2 Rc  =  (A  +  |)a. 
With  increasing  strength  of  the  magnets  (corresponding 
to  growing  Bq  in  equation  (3))  the  minima  position  shift 
from  electric-modulation-dominated  minima  to  magnetic- 
modulation-dominated  minima  (from  2e  to  lm  for  Bo  >  0 
and  from  \e  to  lm  for  Bq  <  0).  The  asymmetry  of  the  traces 
with  respect  to  B0  =  0  is  a  consequence  of  changing  the 
sign  of  a  in  equation  (3)  [1].  The  shift  of  the  minima  in 
figure  3  corresponds  to  a  growing  magnetic  contribution 
sm  =  (kF/q)Tio)q  sin  (qRc  —  |)  in  equation  (3)  whereas 


B0(T) 

Figure  3.  Low-field  p**  traces  for  a  Dy  grating  with 
a  =  1pm  taken  at  4.2  K  for  M\\z  (see  inset)  showing  the 
shift  of  the  minima  with  increasing  Bmax.  Full  triangles 
mark  the  position  of  the  magnetic  flat-band  condition 
(subscript  ‘m’)  while  the  open  triangles  mark  the  electric 
ones  (subscript  ‘e’).  The  full  circles  highlight  the  positions 
of  the  pxx  minima. 


Figure  4.  Low-field  pxx  traces  for  a  Dy  grating  with 
a  =  500  nm  measured  at  4.2  K  for  M\\x  (see  inset).  The 
dashed  trace,  taken  after  initial  cooldown,  reflects  pure 
electrostatic  commensurability  oscillations.  Solid  traces  are 
taken  after  magnetizing  the  wires  (from  Bmax  =  2  T  to  10  T) 
in  the  x  direction.  Contributions  to  pxx  resulting  from 
increased  magnetic  modulation  simply  add  to  the 
electrostatically  induced  pxx  changes.  This  is  clearly  visible 
at  the  magnetic  flat-band  condition  A  =  1  where  the 
resistance  minima  sit  upon  the  maximum  of  the  dashed 
trace. 

the  strain-induced  contribution,  se  =  Vq  cos  (q Rc  —  f),  is 
unaltered.  The  minima  positions  in  pxx  are  determined 
by  the  zeros  of  |sm  +  se |2.  Hence,  the  shift  can  be  used  to 
estimate  the  amplitude  of  the  magnetic  stray  field:  assuming 
a  simple  sinusoidal  modulation  ( q  =  (2n/a,  0))  we  obtain 
a  peak-to-peak  modulation  of  40  mT  for  trace  (e)  at  Bo  =  0 
[1]. 

The  ‘interference’  of  electric  and  magnetic  modulation 
changes  drastically  if  M  is  tilted  in  the  x  direction  [15]. 
Now  the  magnetic  modulation  suffers  a  phase  shift  of  njl 
with  respect  to  the  electric  one  (see  figure  5(a)).  Such  a 
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Figure  5.  Left  panel:  normalized  electric  (dash-dotted)  and  magnetic  (dashed)  modulation  fields  calculated  for  a  ID  lattice 
(period  a)  of  strips  of  width  0.6a  and  height  0.4a  magnetized  either  in  the  x  (a)  or  in  the  z  direction  (c).  The  insets  mark  the 
positions  and  magnetization  directions  of  the  strips.  The  corresponding  normalized  and  scaled  (see  [15])  magnetoresistance 
traces  are  shown  in  the  right  panels,  where  the  dash-dotted  curves  refer  to  purely  electric  modulation,  i.e.  (e,  /z)  =  (1,0)  and 
the  dashed  curves  to  purely  magnetic  modulation  (e,  p)  =  (0, 1).  The  solid  curves  are  calculated  for  a  mixed  modulation  with 
the  indicated  (e,  /z)  values. 


phase  shift,  already  addressed  in  [8],  has  consequences: 
while  a  magnetization  in  the  z  direction  leads  to  real 
Fourier  coefficients,  that  is  to  a  pure  cosine  expansion  of 
the  modulation  magnetic  field,  the  magnetization  in  the 
x  direction  leads  to  purely  imaginary  coefficients,  i.e.  a 
sine  expansion.  As  a  result  the  Landau  bands  no  longer 
become  flat  since  now  magnetic  and  electric  modulation 
are  simply  added,  \sm\2  +  \se\2.  This  additive  behaviour  can 
clearly  be  seen  in  the  traces  of  figure  4  where  the  strips  are 
magnetized  parallel  to  the  2DEG.  The  dashed  trace  is  taken 
directly  after  cooling  down  the  device  and  the  oscillations  in 
pxx  are  perfectly  described  by  a  pure  electrostatic  periodic 
potential,  strain-imposed  upon  the  2DEG.  With  increasing 
Bmax  the  effect  of  the  magnetic  field  modulation  takes  over, 
as  can  be  seen  from  the  minima  position  at  the  magnetic 
flat-band  condition  (full  triangles).  At  the  magnetic  flat- 
band  condition  k  =  1  near  B0  ~  0.28  T  it  is  obvious  that 
the  pxx  minimum  ‘sits’  upon  the  maximum  originating  from 
the  electric  modulation. 

Figure  5  displays  calculations  [15]  illustrating  the 
characteristic  features  observed  in  experiment.  Figures  5(a) 
and  5(c)  show  the  phase  relation  between  the  strain-induced 
potential  Vm(x)  and  the  magnetic  stray  field  Bm (x).  In 
figures  5(b)  and  5(d)  dashed  and  dash-dotted  pxx  traces 
are  calculated  for  pure  magnetic  and  electric  modulation, 
respectively.  The  solid  curves  are  obtained  for  different 
normalized  strengths  /z  of  the  magnetic  modulation  relative 
to  a  fixed  electric  modulation  e  =  1  (for  a  detailed 
description  of  the  calculations  and  the  definitions  see  [15]). 
For  the  in-phase  situation  in  figure  5(d)  the  positions  of  the 
minima  shift,  as  in  experiment,  when  the  amplitude  of  the 


stray  field  is  increased  (from  /z  =  0.5  to  1.25)  from  the 
electric  flat-band  condition  at  a/2Rc  ~  1.3  to  the  magnetic 
one  at  a/2Rc  ~  0.8  (corresponding  to  Bo  <  0  in  figure  3). 
In  contrast,  for  out-of-phase  modulations  the  pxx  traces  at 
magnetic  flat-band  conditions  in  figure  5(b)  all  meet  in 
one  point  on  top  of  the  electric-modulation-induced  pxx 
maxima. 
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Abstract.  Mesoscopic  phenomena  in  nanostructures  that  incorporate  diluted 
magnetic  semiconductors  may  exhibit  a  number  of  novel  features  driven  by  spin 
interactions  between  mobile  electrons  and  localized  spins.  Millikelvin  studies  of 
linear  and  nonlinear  diffusive  charge  transport,  which  have  been  carried  out  for 
submicron  wires  of  n+-Cd1_JfMnxTe  epilayers  as  well  as  for  microstructures  of 
Hgi_x_yCdyMnxTe  bicrystals,  are  reviewed.  These  studies  have  provided 
information  on  the  significance  of  spin-disorder  scattering  and  evidence  of  a  new 
driving  mechanism  of  the  magnetoconductance  fluctuations — the  redistribution  of 
the  electrons  between  energy  levels  of  the  system,  induced  by  the  giant  s-d 
exchange  spin-splitting.  Important  implications  of  these  findings  for  previous 
interpretations  of  spin  effects  in  semiconductor  and  metal  nanostructures  are 
discussed. 


1.  Introduction 

The  most  intriguing  chain  of  discoveries  over  the  last 
years  has  perhaps  been  that  related  to  the  quantum  nature 
of  electron  diffusion  in  solids.  The  quantum  effects  are 
found  to  be  responsible  for  the  Anderson  localization 
[1],  unexpectedly  large  conductance  fluctuations  in  small 
samples  [2]  and  1  //  noise  [3].  Furthermore,  the 
accumulated  findings  have  forced  us  to  revise  our  intuition 
concerning  Ohm’s  law,  the  Onsager  relations  and  the  role 
of  energy  dissipation  and  spin  non-conserving  processes. 
A  wealth  of  theoretical  expectations  has  been  verified 
experimentally,  mainly,  in  Si  MOSFETs  and  GaAs/AlGaAs 
heterostructures  [4], 

In  this  paper  we  discuss  briefly  those  aspects  of 
quantum  phenomena  which  can  be  of  relevance  in  the  case 
of  diluted  magnetic  semiconductors  (DMS).  An  interesting 
feature  of  DMS  is  a  strong  s-d  exchange  coupling  between 
itinerant  band  electrons  and  electrons  localized  on  magnetic 
shells.  This  coupling  gives  rise  to  spin-disorder  scattering, 
giant  spin-splitting  of  electronic  states  in  magnetic  fields, 
and  the  formation  of  magnetic  polarons  [5].  Furthermore, 
we  present  results  of  our  experimental  studies  [6],  which 
have  recently  been  carried  out  on  submicron  wires  of  MBE 
grown  Cdi_tMnjtTe:In  epilayers.  Our  findings,  together 
with  earlier  experimental  results  for  microstructures  of 
narrow-gap  Hgi_x_yCdyMnxTe  bicrystals  [7,8],  show  that 
spin-disorder  scattering  gives  rise  to  an  additional  phase¬ 
breaking  mechanism  but  its  destructive  influence  on  the 
amplitude  of  universal  conductance  fluctuation  (UCF)  is 
much  weaker  than  in  metals.  At  the  same  time,  the  data 


have  led  us  to  propose  a  new  driving  mechanism  of  the  UCF 
in  mesoscopic  systems.  This  mechanism  is  associated  with 
the  giant  spin-splitting  and  the  corresponding  redistribution 
of  the  electrons  between  energy  levels  of  the  system.  The 
last  part  of  the  paper  presents  some  implications  of  our 
work  important  in  the  context  of  previous  interpretations  of 
spin  effects  in  semiconductor  and  metallic  nanostructures. 

2.  Influence  of  magnetic  impurities  upon 
quantum  transport 

Soon  after  the  discovery  that  the  Anderson-Mott  localiza¬ 
tion  in  disordered  metals  and  the  universal  conductance 
fluctuations  in  mesoscopic  conductors  are  controlled  by  dif¬ 
fusion  poles  in  particle-particle  and  particle-hole  correla¬ 
tion  functions,  it  became  clear  [9-18]  that  the  exchange 
coupling  between  the  carriers  and  the  subsystem  of  mag¬ 
netic  impurities,  —JsS,  should  play  an  important  role  in 
the  physics  of  quantum  transport.  Indeed,  it  is  now  well 
established  that  the  localized  spins,  apart  from  introducing 
an  additional  temperature  and  magnetic-field-dependent 
contribution  to  the  momentum  relaxation  rate,  l/rs(T,  H ), 
can  affect  quantum  transport  phenomena  in  various  ways, 
depending  on  their  dynamics,  ordering  and  relevant  degrees 
of  freedom  [2,3,9-19].  We  discuss  separately  the  effects 
of  spin-disorder  scattering  and  spin-splitting. 

2.1.  Spin-disorder  scattering 

In  a  spin-glass  phase,  the  perturbing  potential  associated 
with  the  frozen  spins  leads  to  a  violation  of  the  Onsager- 
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Biittiker  symmetry  relations  in  mesoscopic  samples  [13- 
15].  It  also  alters  the  scaling  factor  of  the  UCF  amplitude 
[12, 16].  The  fluctuating  spins,  on  the  other  hand,  because 
of  an  extreme  sensitivity  of  the  conductance  to  potential 
realizations,  are  expected  to  be  an  efficient  source  of 
the  conductance  noise  [3,11,16,17].  If,  therefore,  the 
integration  time  of  the  resistance  meter  is  longer  than  the 
correlation  time  of  the  spin  fluctuations  and  xs  is  shorter 
than  the  characteristic  times  of  competing  phase-breaking 
mechanisms,  the  exchange  interaction  results  in  a  damping 
of  the  UCF  amplitude  [18-20].  Besides,  electron  scattering 
by  disordered  Ising  spins  gives  rise  to  a  cut-off  in  the 
particle-particle  channels  with  jz  —  0  and  the  particle-hole 
channels  with  jz  =  ±1,  whereas  the  coupling  to  Heisenberg 
spins  introduces  a  cut-off  \/xs  to  all  diffusion  poles  except 
for  the  particle-hole  channel  with  total  spin  j  =  0.  This 
affects  the  quantum  corrections  to  conductivity,  and  alters 
the  universality  class  of  the  metal-to-insulator  transition 
(MIT)  [1], 

Quantitatively,  in  the  presence  of  a  magnetic  field,  the 
relevant  longitudinal  and  transverse  spin  relaxation  rate  of 
an  electron  liquid  with  a  three-dimensional  (3D)  density  of 
states  assumes  a  well  known  form  [5] : 
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l.-L 


kBTa2m*kF 

47tTi3g2fj.2B 


Xl±(T,  H ) 


(1) 


time,  the  spin-splitting  leads  to  a  redistribution  of  the 
carriers  between  the  spin  subbands.  It  was  noted  that 
the  redistribution  may  affect  the  conductivity  in  two  ways. 
First,  by  its  influence  on  the  mean  free  path  that  appears 
for  hws  >  eF  [26].  Second,  by  changing  the  distance 
of  sF  to  the  mobility  edge  em  [27],  an  effect  operating 

if  h(JL>s  >  |£yr  -  £m|. 

Our  findings,  which  we  discuss  below,  show  that 
in  mesoscopic  systems  the  redistribution  of  the  carriers 
between  the  nanostructure  energy  levels  constitutes  a  new 
driving  mechanism  of  the  UCF  in  a  magnetic  field.  This 
is  because  the  redistribution  and  the  corresponding  shift 
of  the  Fermi  energy  Sf  with  respect  to  the  bottom  of  the 
spin-down  and  spin-up  subbands  result  in  a  gradual  change 
of  energy  levels  of  the  system  which  contribute  to  the 
conductance.  The  effect  begins  to  show  up  at  rather  small 
values  of  the  spin-splitting,  1ia)s  >  max(kBT,  h/T 2). 

In  order  to  evaluate  the  correlation  field  Hc  of  those 
magnetoconductance  fluctuations  that  are  induced  by  the 
spin-splitting,  Hscpm ,  we  observe  that,  as  long  as  eF  htos, 
an  increase  of  the  magnetic  field  by  AH  leads  to  a  shift 
of  the  Fermi  energy  A sF  =  ±^AHdTicos/dH.  Hence,  for 
ha>s  >  fj.c,  where  [12]  fxc  ~  ma \{kBT,  h/xv)  is  the  energy 
correlation  range,  we  obtain  Hscp,n  in  the  form 

Hfn  =  V2iAc(dha>s/dH)-'  (4) 


where  a  is  the  s-d  exchange  integral;  X||(T,  H)  — 
dM(T,  H)/dH  and  Xl (T,  H)  =  M{T,H)/H.  Here 
M(T,  H )  is  the  magnetization  of  the  Mn  spins,  which  is 
usually  well  parametrized  by  a  modified  Brillouin  function, 
M(T,  H )  =  xNogfJ-BSBs(T  +  To,  H),  where  xNq  and 
T  +  To  are  the  effective  concentration  and  temperature  of 
the  localized  spins  respectively. 

In  the  vicinity  of  the  MIT,  the  spin-spin  correlation 
function  of  the  electron  liquid  becomes  significantly 
renormalized  by  disorder  and  electron-electron  interactions 
[21],  The  apparent  spin  relaxation  rate  To,  as  measured  by 
the  linewidth  of  electron  spin  resonance  (ESR)  or  spin-flip 
Raman  scattering  (SFRS),  is  given  by  [22] 


where  the  factor  1  /o/2  appears  since  the  fluctuations  result 
from  a  superposition  of  two  independent  contributions 
associated  with  two  different  spin  subbands.  We  presume 
that  in  magnetic  materials  the  phase-breaking  time  xv  = 
h/nc  is  equivalent  to  the  spin- relaxation  time  T2  of 
itinerant  electrons.  Since  the  correlation  field  for  the 
orbital  effects  [2, 12]  H°crh  «  (h/e)/(L%n  ■  L%„),  where 
)n  =  min(Lp,  L(i))  and  LM  •  L(»  is  the  sample  area 
projected  perpendicular  to  H,  we  see  that  the  spin  effect 
will  dominate  for  sufficiently  large  values  of  the  magnetic 
susceptibility  x(T,  H)  =  dM(T,  H)/dH  and  the  inverse 
diffusion  constant  Z)-1  =  3m* /hkFl. 


1 

Ti 


3V3 

n{kFt)2 


(2) 


where  i  is  the  mean  free  path  and  F  is  the  amplitude  of 
Coulomb  interaction  [1], 


2.2.  Spin-splitting 

The  s-d  coupling  results  in  the  spin-splitting  of  the  electron 
states  that  depends  on  the  temperature  and  the  magnetic 
field  according  to  [5] 

Ticos  =  g[iBH  =  g*(iBH  +  aM(T,  H)/g/xB.  (3) 

The  spin-splitting  alters  the  universality  class  of  the 
MIT  [1]  and  the  scaling  factor  of  the  UCF  amplitude  [12] 
as  it  introduces  a  cut-off  in  the  particle-hole  channels  with 
jz  =  ±1  and  particle-particle  channels  with  jz  =  0  [1,23, 
24],  This  also  leads  to  a  giant  positive  magnetoresistance 
in  the  neighbourhood  of  the  MIT  [23,25].  At  the  same 


3.  Experimental  results 

3.1.  Cdi-ajMiizTe  epilayers 

CdxMni_^Te:In  films  with  x  =  0  or  x  =  1  ±0.1%,  a  typical 
thickness  of  0.3  /xm  and  electron  concentrations  around 
1018  cm-3  were  grown  by  MBE  on  (OOl)-oriented  semi- 
insulating  GaAs  epiready  substrates  with  10  A  ZnTe  and 
3  fi m  CdTe  undoped  buffer  layers.  Secondary-ion  mass 
spectroscopy  (SIMS),  high-resolution  transmission  electron 
microscopy  (TEM),  x-ray  diffraction,  photoluminescence, 
deep-level  transient  spectroscopy  (DLTS),  conductivity 
and  Hall  effect  studies  showed  homogeneous  impurity 
distribution  and  good  structural  properties  of  the  epilayers 
[28].  In  addition,  SIMS  and  the  room-temperature  Hall 
data  provided  values  of  the  Mn  molar  fraction  and  electron 
concentration,  respectively,  while  their  combination  gave 
the  activation  of  the  In  donors.  The  electron  concentration 
in  the  studied  samples  is  a  factor  of  five  greater  than 
that  corresponding  to  the  MIT.  The  carrier  and  Mn 
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Magnetic  Field  (kOe) 

Figure  1.  Resistance  as  a  function  of  the  magnetic  field  for 
the  wire  of  n+-CdTe  at  30  mK.  The  insets  show  an  atomic 
force  micrograph  of  the  sample  and  the  reproducibility  of 
fluctuations  (after  [6]). 

concentrations  are  low  enough  to  preclude  the  appearance 
of  either  spin-glass  freezing  or  the  Kondo  effect,  even  at 
the  lowest  temperature  studied  here,  T  =  30  mK  [29]. 

The  studied  wires  had  the  form  of  six-terminal  Hall 
bars  with  an  average  width  of  W  ~  0.3  gm,  and  a  distance 
between  the  voltage  probes  of  4-5  gm,  as  shown  in  the 
insets  to  figure  1.  They  were  fabricated  by  means  of  30 
keV  electron-beam  lithography,  followed  by  wet  etching  in 
a  0.5%  solution  of  Br2  in  ethylene  glycol.  Ohmic  contacts 
were  formed  by  alloying  of  indium.  Low-frequency  a.c. 
currents  down  to  100  pA  were  employed  for  the  resistance 
measurements  in  a  dilution  refrigerator. 

Figures  1  and  2  present  the  resistance  as  a  function 
of  the  magnetic  field  perpendicular  to  wires  of  CdTe:In 
and  Cd0.99Mn0.01Te:  In  with  electron  concentrations  of 
1.0  x  1018  and  8  x  1017  cm-3  respectively.  Weak-field 
magnetoresistance  and  irregular  reproducible  resistance 
fluctuations  are  detected  in  both  materials.  We  note  that, 
because  down  to  100  mK  the  width  W  is  bigger  than  the 
thermal  diffusion  length  Lj  =  V hD/kgT ,  the  studied 
wires  are  3D  with  respect  to  phenomena  that  are  sensitive 
to  thermal  broadening  of  the  distribution  function,  such 
as  electron-electron  interactions.  Since,  however,  in  non¬ 
magnetic  wires  L ^  =  ^[Dt^  >  Lt  [23],  we  may  expect 
a  dimensional  crossover  in  the  negative  magnetoresistance 
as  it  is  controlled  by  phase-breaking  effects.  That  this  is 
indeed  the  case  is  shown  in  figure  2(a),  which  displays 
the  temperature  dependence  of  the  magnetoresistance  A p 
in  n+-CdTe.  The  theoretical  curves  were  calculated  for 
the  3D  case  from  the  weak-localization  theory  [1],  taking 
m*/mQ  =  0.099  and  assuming  L ^  =  A/T 3/4,  where  A 
was  a  fitting  parameter  determined  to  be  0.9  gm  K3/4. 
Since  in  three  dimensions  A p  ~  H~x/2,  while  in  one 
dimension  A p  ~  H~x ,  we  take  the  discrepancies  between 
the  experimental  and  calculated  A p,  appearing  at  L^(T)  > 
W,  as  evidence  for  the  presence  of  the  temperature-induced 


Figure  2.  Resistance  changes  as  a  function  of  the 
magnetic  field  for  the  wires  of  n+-Cd1_xMnJfTe  with  x  =  0  (a) 
and  x  =  1%  (b)  at  various  temperatures  between  30  mK 
and  4.2  K  (traces  for  the  lowest  temperatures  are  shifted 
upwards).  Dashed  curves  represent  the  magnetoresistance 
calculated  within  the  framework  of  3D  weak-localization 
theory  [1,  23].  Dotted  curves  are  guides  for  the  eye,  and 
visualize  a  strong  temperature  dependence  of  the 
resistance  features  in  Cd0.99Mn0.01Te  (b)  (after  [6]). 

crossover  from  three  dimensions  to  one  dimension  at  ~3  K 
in  the  studied  wire. 

A  striking  influence  of  the  magnetic  impurities 
upon  the  magnetoresistance  and  UCF  is  shown  in 
figure  2(b),  where  data  for  n+-Cdo.99Mn0.oiTe  are  shown 
together  with  the  results  of  a  theoretical  computation 
[1,23],  As  demonstrated  previously  [23],  the  positive 
magnetoresistance  is  caused  by  the  effect  of  the 
giant  exchange  spin-splitting  upon  the  electron-electron 
interaction.  By  taking  well  known  material  parameters 
of  Cdi-jMn^Te  [5,30],  aN0  =  0.22  eV,  N0  =  1.48  x 
1022  cm-3,  g  =  2.0,  S  —  |  and,  for  x  =  1%, 
T0  80  mK  [29,30],  we  obtain  Tuos{T,H),  which  gives 
glxBH  =  5.5  meV  for  Sgn-gH  »  kB(T  +  7b)  and 
g  =  150  K/(T  +  7o)  in  the  opposite  limit.  The  Coulomb 
amplitude  was  the  only  adjustable  parameter  and  its  fitting 
yielded  g3  +  g4  =  1.3.  As  expected,  no  dimensional 
crossover  to  one  dimension  is  observed  in  the  positive 
magnetoresistance  as  it  is  controlled  by  a  short  length  scale, 
Lt- 
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Magnetic  Field  (kOe) 

Figure  3.  Voltage  measured  at  a  second  harmonic  of  the  excitation  current  (1  nA)  as  a  function  of  the  magnetic  field.  Broken 
curves  are  guides  for  the  eye. 


Turning  to  the  resistance  fluctuations  in  the  studied 
samples  we  note  that  their  root  mean  square  (rms)  amplitude 
is  independent  of  the  magnetic  field.  On  the  other 
hand,  it  increases  with  decreasing  temperature  according 
to  rms(A7?)/ft2  «  ( C/T)re2/h  where,  above  100  mK, 
C  =  0.1  mK  and  r  =  0.5.  While  such  behaviour  is 
typical  for  non-magnetic  one-dimensional  wires,  in  which 
the  distance  between  the  voltage  probes  is  greater  than 
both  Lj  and  Lv  [2, 12],  it  comes  as  a  surprise  in  the 
case  of  Cd0.99Mn0.01Te.  Indeed,  in  the  latter,  rms(A7?) 
is  expected  to  be  controlled  by  xs,  which  for  T  >  T0  is 
independent  of  temperature  but  increases  with  the  magnetic 
field  [18-20],  However,  because  of  the  low  density  of 
states  specific  to  semiconductors,  we  obtain  h/kBxs  — 
a2m*kpxNoS(S  +  l)/4 nh2kB  to  be  as  low  as  100  mK  at 
H  =  0.  This  estimate  explains  the  minor  importance  of 
spin-disorder  scattering  in  the  studied  system. 

Another  important  aspect  of  the  data  depicted  in  figure  2 
concerns  the  unusual  behaviour  of  the  correlation  field 
Hc  of  the  resistance  fluctuations  in  Cd0.99Mn0.01Te.  As 
shown  by  dotted  curves,  the  fields  H,  corresponding  to 
characteristic  points  of  the  fluctuation  pattern  tend  to 
increase  with  both  temperature  and  magnetic  field,  a 
behaviour  not  observed  in  non-magnetic  wires,  including 
those  of  n+-CdTe.  This  new  effect  is  visible  not  only 
for  perpendicular  but  also  for  parallel  orientation  of  the 
magnetic  field  with  respect  to  the  wires.  Actually,  we  find 
that  the  dependence  of  Hi  on  H  and  T  is  best  resolved  in 
the  fluctuations  of  the  nonlinear  response  [2,31],  where  the 
background  magnetoresistance  is  absent.  This  is  shown  in 
figure  3,  which  displays  fluctuation  patterns  of  the  voltage 


taken  at  the  second  harmonics  of  the  exciting  a.c.  current. 

We  note  that  field-induced  changes  of  spin  config¬ 
urations  have  been  proposed  as  the  mechanism  driving 
magnetoconductance  fluctuations  in  spin-glass  Cu:Mn  wires 
[15].  We  suggest  instead  that  the  dominant  mechanism 
has  its  origin  in  the  spin-splitting-induced  redistribution 
of  carriers  between  the  spin  subbands,  an  effect  that  can 
also  operate  in  the  paramagnetic  phase  considered  here, 
as  discussed  in  the  previous  section.  Since,  according 
to  equation  (3),  the  spin-splitting  is  proportional  to  the 
magnetization,  the  positions  of  the  characteristic  points  of 
the  fluctuation  pattern  should  be  temperature  independent 
if  the  resistance  is  plotted  as  a  function  of  the  magneti¬ 
zation  M,  not  of  the  magnetic  field  H.  That  this  is  in¬ 
deed  the  case  is  shown  in  figure  4.  Moreover,  by  putting 
parameters  suitable  for  our  CdMnTe  wire  (kFi  =  1.5  and 
F  =  2),  we  obtain  from  equation  (4),  Hscpin  =  410  T[K] 
Oe.  Except  for  the  lowest  temperatures,  where  the  ef¬ 
fect  of  a  bound  magnetic  polaron  may  appear  [22,23],  this 
agrees  with  the  experimental  values,  H‘xp  —  360  T[K]  +  36 
Oe,  determined  in  the  range  0.03  K  <  T  <  0.8  K  and 
0  <  H  <  kB(T  +  T0)/gfiB. 

3.2.  Hgi-aj-j/CdyMn^Te  bicrystals 

It  is  now  well  established  that  defects  associated  with  the 
grain-boundary  plane  in  p-Hgi-^-yCd^Mn^Te  bicrystals 
have  a  donor  character,  and  thus  give  rise  to  the  formation 
of  an  inversion  layer  with  a  typical  electron  concentration 
of  1012  cm-2.  These  electrons  reside  in  a  potential 
well  of  an  average  width  of  150  A,  occupy  three  to 
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Figure  4.  Magnetoresistance  data  of  figure  2(b)  plotted  as 
a  function  of  magnetization  in  units  of  Ms  =  gtiBSN0x  (after 
[6]). 

four  electric  subbands,  and  possess  a  mobility  as  large 
as  5  x  104  cm2  V-1  s_1,  making  the  observation  of  the 
low-field  Shubnikov-de  Haas  oscillations  and  the  quantum 
Hall  effect  possible  [32],  In  order  to  examine  properties 
of  the  macroscopic  spin  system  via  mesoscopic  effects, 
this  two-dimensional  electron  gas  was  probed  by  four 
microcontacts  ~15  /rm  apart,  an  arrangement  presented 
schematically  in  the  inset  to  figure  5.  For  the  studied 
Mn  concentration,  x  —  2%,  according  to  our  a.c.  magnetic 
susceptibility  measurements,  the  spin-glass  freezing  occurs 
at  100  mK,  where  inelastic  and  dephasing  processes  should 
be  dominated  by  electron  coupling  to  Mn  spins. 

As  shown  in  figure  5,  the  studied  samples  exhibit 
a  weak  localization  magnetoresistance  superimposed  on 
the  universal  conductance  fluctuations  [7].  For  the 
small  value  of  disorder  involved  (kFl  ~  50),  the 
positive  magnetoresistance  implies  that  the  dominant 
spin-dependent  scattering  is  associated  with  the  spin- 
orbit  coupling  [1],  as  could  be  expected  for  narrow-gap 
semiconductors  [33].  For  the  same  reason  (large  kFl 
and  small  m*)  the  UCFs  are  mainly  driven  by  the  orbital 
effect,  not  by  the  spin-splitting.  On  the  other  hand,  spin- 
disorder  scattering  appears  to  be  the  main  phase-breaking 
mechanism.  It  leads  to  a  saturation  of  the  magnitude  of  the 
magnetoresistance  below  600  mK  as  well  as  to  a  saturation 
of  the  amplitude  of  the  fluctuations  below  200  mK,  the 
temperature  at  which  the  phase-breaking  length  L<p  ~ 
2.5  n m  becomes  shorter  than  the  thermal  length  LT.  In  the 
case  of  the  magnetoresistance,  the  dephasing  effect  of  Mn 
spins  is  associated  with  non-commutation  of  spin  rotations 
corresponding  to  electron  motion  in  the  opposite  directions 
along  the  same  self-intersecting  paths  [10].  In  contrast, 
the  apparent  amplitude  of  the  fluctuations  is  diminished 
by  Mn  spins  if  the  average  time  between  their  flips  r y  is 
shorter  than  the  time  constant  of  the  resistance  meter  [18]. 
We  conclude  that  for  most  Mn  spins  t/  <  1  s,  even  in 


Figure  5.  Resistance  changes  as  a  function  of  the 
magnetic  field  in  a  bicrystal  of  Hgo.79Cdo.19Mno.02Te 
measured  in  a  four-microprobe  arrangement.  Two  traces 
were  obtained  by  interchanging  current  and  voltage  probes 
and  by  reversing  the  direction  of  the  magnetic  field  (after 
[7]). 

the  spin-glass  phase,  since  we  observed  no  increase  of  the 
fluctuation  amplitude  below  7},  the  pattern  was  stable  on 
a  long  time  scale  and  the  Onsager-Buttiker  relations  were 
fulfilled.  In  contrast,  on  cooling  through  7/,  an  increase 
in  the  amplitude  of  the  second  harmonic  generation  has 
been  noted  [8].  The  increase  in  deviations  from  Ohm’s  law 
(linear  response)  might  be  linked  to  the  fact  that  scattering 
by  frozen  spins  is  essentially  elastic,  and  thus  below  Tf  the 
spin  subsystem  ceases  to  absorb  energy  from  the  carriers. 

4.  Discussion  and  conclusions 

In  summary,  we  have  performed  a  low-temperature 
magnetoresistance  study  on  structures  for  which  the 
incorporation  of  magnetic  impurities  could  be  controlled 
during  the  growth  process,  while  the  details  of  magnetic 
properties  and  the  value  of  the  exchange  coupling  between 
the  spins  and  the  electrons  could  be  monitored  by 
means  of  a  quantitative  study  of  magneto-optical  effects 
and  weak-localization  magnetoresistance.  Our  results 
indicate  the  minor  importance  of  spin-disorder  scattering 
in  semiconductors.  This,  in  particular,  puts  into  question 
the  suggestion  [20]  that  spin-disorder  scattering  by  etching- 
induced  defects  can  account  for  the  absence  of  resistance 
fluctuations  in  the  region  of  weak  magnetic  fields  in  n+- 
GaAs  wires  at  T  >  1.3  K.  While  we  have  not  observed 
any  signature  of  spin-glass  freezing  in  linear  transport,  an 
increase  of  the  nonlinear  response  upon  cooling  through  7/ 
has  been  detected.  This  observation  raises  the  question  of 
the  extent  to  which  the  magnitude  of  the  noise  [17]  and 
the  breakdown  of  the  Onsager-Buttiker  relations  [14,15] 
in  Cu:Mn  were  affected  by  the  deviations  from  Ohm’s  law. 
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Our  data  demonstrate  the  significant  influence  of  the 
spin-splitting-induced  redistribution  of  the  carriers  between 
the  spin  subbands  on  transport  phenomena  in  mesoscopic 
systems.  It  would  be  interesting  to  find  out  whether 
the  spin-splitting  effect  invoked  here  could  account  for 
the  finite  value  of  Hscpin  observed  in  Cu:Mn  [15].  By 
taking  parameters  suitable  for  1000  at.ppm  Cu:Mn  [15], 
i.e.  t  =  200  A,  Lv  =  0.35  gm,  m*  =  m0,  X  =  Xc(Tg )  = 
3.8  x  1CT4  emu  and  loriVol  =  0.5  eV,  we  obtain  from 
equations  (3)  and  (4)  Hscp,n  =  4.3  kOe,  a  value  quite  close 
to  the  experimental  finding,  Hscpin  =  4.2-6.4  kOe  [15]. 
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Abstract.  Symmetrically  strained  Si/SiGe  superlattices  (25  A  wells/14  A  barriers) 
with  homogeneous  Sb  doping  concentrations  of  4.5  and  6.0  x  1018  cm-3  show 
low- temperature  magnetoconductivity  effects  which  can  be  explained  by 
single-electron  backscattering  and  disorder-induced  electron-electron  interaction 
for  an  anisotropic  three-dimensional  case.  The  insulating  phase  of  two  lower  doped 
samples  (2.0  and  2.5  x  1018  cm-3)  is  documented  by  the  observation  of  variable 
range  hopping  conductivity.  In  addition,  the  extrapolated  zero-temperature 
conductivities  for  4.5  x  1018  cm-3  in  different  magnetic  fields  show  a 
magnetic-field-induced  metal-to-insulator  transition,  demonstrating  a 
three-dimensional  behaviour  of  this  superlattice  with  respect  to  localization. 


1.  Introduction 

The  metal-to-insulator  transition  (MIT)  in  semiconductors 
has  been  intensively  investigated,  as  the  disorder  in  the 
material  can  be  easily  tuned  by  the  doping  concentration. 
According  to  the  Mott  criterion  nj^a*  ^  0.25  (a*  is  the 
effective  Bohr  radius),  for  doping  concentrations  below 
the  critical  value  nc,  a  semiconductor  is  in  the  insulating 
regime,  i.e.  its  conductivity  a  vanishes  as  the  temperature  T 
goes  to  zero  (o{T  ->  0}  ->  0).  The  investigations 
of  Rosenbaum  et  al  [1]  in  bulk  Si:P  have  demonstrated 
that  the  doping-induced  transition  is  continuous  and  that 
the  quantum  corrections  [2—4]  due  to  backscattering  and 
disorder-modified  electron-electron  interaction  are  equally 
important. 

By  application  of  an  external  magnetic  field,  an  MIT 
can  also  be  induced  in  metallic  samples.  This  effect  is 
either  due  to  a  shrinkage  of  the  wavefunctions  or  due  to 
effects  of  spin  splitting  on  the  triplet  states  in  the  diffusion 
channel  of  the  electron-electron  interaction.  The  former 
effect  is  dominant  in  GaAs,  for  example,  [5]  as  the  small 
effective  mass  m*  =  0.067/no  in  this  material  leads  to  a 
large  Bohr  radius  a*  and  the  small  Lande  factor  g*  =  0.4 
makes  spin  splitting  less  important.  In  Si,  on  the  other  hand, 
the  ratio  of  cyclotron  resonance  to  spin  splitting  mo/m*g*, 
for  m*  —  0.1 9mo  and  g*  =  2.0,  is  smaller  by  a  factor  15 
and  makes  the  second  effect  dominant  [6]. 

Apart  from  studies  of  the  MIT  in  bulk  semiconductors, 
a  large  amount  of  work  has  been  done  on  low-dimensional 
systems.  For  the  two-dimensional  (2D)  electron  gas  in  Si 
inversion  layers  [7]  the  interplay  between  backscattering 
and  electron-electron  interaction  was  confirmed  and 
evidence  was  found  that  all  states  are  localized  at  low  T. 


Semiconductor  superlattices  (SLs),  on  the  other 
hand,  have  been  investigated  to  a  much  lesser  extent. 
Superlattices  possess  several  features  different  from  bulk 
material. 

(i)  The  band  structure  and  thus  the  electronic  properties 
are  highly  anisotropic. 

(ii)  The  Fermi  surface  in  reciprocal  space  is  closed  or 
open,  depending  whether  the  Fermi  energy  is  smaller  or 
larger  than  the  miniband  width  w. 

(iii)  Fluctuations  in  layer  thickness  and  barrier  height 
provide  an  additional  source  for  Anderson  localization  [8]. 

Most  works  concern  experimental  and  theoretical 
studies  of  weak  localization  in  GaAs/AlGaAs  SLs  [8,9]. 
The  magnetic-field-induced  MIT  in  GaAs/AlGaAs  was 
investigated  recently  by  magnetoresistivity  and  infrared 
absorption  measurements  [10],  As  a  result  of  this  study, 
the  MIT  occurs  for  B  perpendicular  to  the  layers  at  a  lower 
magnetic  field  than  for  the  parallel  configuration.  This  is  in 
perfect  agreement  with  the  shrinkage  of  the  wavefunction 
due  to  its  larger  extent  parallel  to  the  layer  planes. 

2.  Experiment 

Low-temperature  magnetotransport  measurements  were 
performed  on  four  different  n-type  Si/SiGe  SL  samples 
with  homogeneous  Sb  doping  concentrations  of  No  = 
2.0,  2.5,  4.5  and  6.0  x  1018  cm-3  (sample  identifications 
C1212,  C1408,  C1409  and  C1410  respectively).  The 
doping  concentration  was  chosen  in  order  to  cover  the 
range  around  the  critical  concentration  of  2.9  x  1018  cm-3, 
at  which  the  MIT  in  bulk  Si:Sb  was  observed  [11].  The 
Si/SiGe  structures  were  grown  by  molecular  beam  epitaxy 
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on  (001)  substrates  and  consist  of  a  1  /xm  compositionally 
graded  undoped  Sii-^Ge*  buffer  with  x  increasing  from 
0.05  to  0.22,  a  0.5  /xm  undoped  Sio.g3Geo.17  buffer, 
the  homogeneously  Sb-doped  short-period  SL  with  150 
periods  (200  periods  for  C1212)  of  nominal  25  A  Si 
wells  and  15  A  Sio.55Geo.45  barriers  and  a  100  A  cap 
layer.  The  SLs  are  strain  symmetrized  by  the  buffer,  both 
having  the  same  average  Ge  content.  The  concentration 
and  homogeneity  of  the  doping  profile  was  checked  by 
secondary-ion  mass  spectroscopy  (SIMS)  investigations. 
The  structural  properties  of  the  SL  were  confirmed  by  the 
observations  of  the  multilayer  interference  peaks  in  high- 
resolution  x-ray  diffraction;  analysis  of  the  spectra  gives 
widths  of  25  A  and  14  A  for  wells  and  barriers  respectively. 

The  magnetotransport  investigations  were  performed 
on  photolithographically  patterned  Hall  bars  in  different 
cryostats  (He4,  He3  and  He3 /He4  dilution  refrigerator).  In 
the  He4  system  (magnetic  field  B  up  7  T)  the  sample 
could  be  rotated  for  investigating  the  angular  dependence 
of  the  magnetoresistivity.  In  the  He3  system,  fields  up  to 
16  T  can  be  achieved  and  in  the  dilution  refrigerator  lowest 
temperatures  of  50  mK  were  reached  at  fields  up  to  8  T. 

3.  Results  and  discussion 

Temperature-dependent  resistivity  and  Hall  effect  measure¬ 
ments  at  0.3  T  from  room  temperature  down  to  10  K  show 
a  variation  of  only  about  10%  of  the  evaluated  carrier  con¬ 
centration,  whereas  the  mobility  decreases  by  about  a  factor 
two  and  reaches  values  between  100  and  200  cm2  V-1  s-1 
at  10  K.  The  estimated  electron  density  n  agrees  to  within 
10%  with  the  doping  concentration  from  the  SIMS  analysis. 

In  the  strain  symmetrized  Si/SiGe  SLs,  the  biaxially 
strained  Si  layers  form  the  conduction  band  (CB)  wells 
in  which  the  six-fold  valley  degeneracy  is  lifted.  For 
the  two  lower-lying  valleys  the  in-plane  effective  mass 
mu  =  0.19m0  is  nearly  a  factor  of  5  smaller  than  the 
perpendicular  (longitudinal)  mass  mj_  =  0.92mo.  The 
mobility  for  vertical  transport  is  strongly  reduced  by  the 
weak  coupling  of  the  SL  quantum  wells  (QWs)  through 
the  300  meV  high  Sio.55Geo.45  barriers,  resulting  in  a  large 
anisotropy  of  electron  transport. 

According  to  our  self-consistent  subband  calculations, 
in  the  absence  of  disorder  only  the  lowest-lying  subband 
is  occupied.  The  ground  state  is  located  at  E0  = 
35  meV  above  the  CB  edge  in  the  Si  wells,  whereas 
the  first  excited  state  lies  100  meV  higher  in  energy. 
(These  findings  were  confirmed  by  intersubband  absorption 
experiments.)  The  band  structure  is  nearly  independent 
of  doping  concentration  as  the  absolute  amount  of  charge 
transfer  from  the  narrow  doped  barriers  into  the  wells  is 
small.  The  width  of  the  ground  state  miniband  w  = 
2.5  meV  is  less  than  the  Fermi  energy  of  EF  =  11  meV 
and  hence  the  electron  system  possesses  an  open  Fermi 
surface  in  reciprocal  space.  The  in-plane  electron  mobility 
of  about  ix  —  150  cm2  V-1  s~'  at  10  K  implies  a 
momentum  relaxation  time,  r  =  m^ix/e  =  20  fs,  which 
is  nearly  identical  to  the  vertical  electron  flight  time, 
rf  =  ^fw(mJ./2£o)1/,2  =  22  fs,  between  the  two  interfaces 
in  a  single  QW.  Our  SLs  are  in  the  limit  of  strong 


Figure  1.  Angular  dependence  of  the  magnetoconductivity 
at  1.4  K  for  Si/SiGe  superlattices  with  homogeneous  Sb 
doping  concentrations  of  4.5  and  6.0  x  1018  cm-3.  As 
indicated  in  the  inset,  0=  denotes  the  orientation  of 
magnetic  field  perpendicular  to  the  layers.  The  circles 
represent  the  experimental  data,  the  full  curves  a  least 
square  fit  according  to  equations  ( 1 )— (4)  in  the  text. 

disorder  as  the  transport  time  r  corresponds  to  a  scattering 
broadening  of  the  density  of  states  of  Ti/x  =  33  meV, 
which  is  more  than  10  times  larger  than  the  miniband 
width  of  w  =  2.5  meV.  This  is  thought  to  hinder  vertical 
transport  [12].  The  product  of  Fermi  wavevector  and  mean 
free  path,  fcFl,  characterizes  the  disorder  in  the  sense  of 
diagrammatic  perturbation  theory  [2-4],  For  the  sample 
with  4.5  x  1018  cm-3,  we  obtain  kFl  =  0.66  at  T  —  10  K, 
which  indicates  a  large  distortion  of  the  Fermi  liquid  picture 
as  the  value  of  kFl  is  less  than  1 . 

Figure  1  shows  the  angular  dependence  of  the 
magnetoconductivity  for  SLs  with  n  =  4.5  and  6.0  x 
1018  cm-3  at  T  =  1.4  K.  The  orientation  of  the  magnetic 
field  B  is  described  by  the  angle  ©  to  the  growth  direction. 
The  measurement  current  was  perpendicular  to  the  magnetic 
field  for  all  angles.  For  B  perpendicular  to  the  layers, 
a  positive  magnetoconductivity  at  lower  magnetic  fields 
and  a  negative  one  at  higher  B  is  observed.  For  the 
parallel  configuration  only  the  negative  component  remains. 
The  positive  part  is  assigned  to  single-particle  quantum 
interference  from  backscattering  (orbital  effect)  whereas  the 
negative  is  due  to  the  Cooperon  channel  of  the  electron- 
electron  interaction  and  the  spin  splitting  of  the  triplet  state 
in  the  diffusion  channel  [2-4], 

The  influence  of  the  spin  splitting  on  the  magnetoresis¬ 
tance  is  not  obvious  but  can  be  explained  by  the  following 
arguments.  The  two-electron  quasiparticles  in  the  diffu¬ 
sion  channel  are  formed  via  the  disorder-induced  electron- 
electron  interaction.  This  quasiparticles  can  have  either 
total  momentum  zero  or  one,  the  latter  with  components 
—  1,0  or  +1  parallel  to  the  magnetic  field.  Without  mag¬ 
netic  field,  all  diffusions  at  the  Fermi  energy  (only  those 
contribute)  have  the  same  momentum  kF.  As  they  have  the 
same  wavelength,  all  quasiparticles  contribute  to  interfer¬ 
ence  effects  which  create  a  contribution  to  the  conductiv¬ 
ity.  For  a  magnetic  field  giiBB  >  kBT,  the  particles  at  the 
Fermi  energy  with  different  total  momentum  components 
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parallel  to  the  magnetic  field  have  different  kB  and  wave¬ 
length  and  thus  a  part  of  the  interference  effect  is  quenched 
which  causes  the  negative  magnetoresistance. 

For  intermediate  fields,  the  strength  of  the  2D  weak 
localization  is  proportional  to  the  logarithm  of  the  magnetic 
field,  whereas  for  3D  it  is  proportional  the  square  root  of  B. 
We  found  that  in  our  case  the  2D  term  failed  to  fit  our 
data  below  2  K,  whereas  the  3D  version  for  anisotropic 
systems  [2, 13, 14]  is  able  to  describe  satisfactorily  the 
field  and  angular  dependence  over  the  whole  investigated 
magnetic  field  range. 

The  single-particle  backscattering  contribution  (also 
called  weak  localization)  is  described  by 


Am 


WL 


=  ctnv 


e 2  D\\  feDcB  | 

2n2h  Da  Y  KDa  h  1 


TiB 
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(1) 


with  valley  coupling  parameter  a,  valley  degeneracy  nv  = 
2,  parallel  diffusion  constant  D\\  =  E^fx/e,  the  diffusion 
constant  in  the  plane  perpendicular  to  the  magnetic  field 
Dc  —  [D||(D_l  sin2  0  +  Dp  cos2  0)]1/2,  the  averaged 
diffusion  constant  Da  =  (DjDx)]/3,  the  phase  coherence 
time  Ty  and  the  functional  dependence  according  to 
equation  (7.1)  in  Altshuler  and  Aronov  [2].  In  Dc  and 
Da  the  perpendicular  diffusion  constant  D±  also  enters, 
which  in  our  case  describes  the  motion  of  electrons  between 
neighbouring  QWs. 

The  spin  splitting  of  the  diffusion  term  is  given  by 


Act; 


with  g 3  the  diffusion  amplitude  [3]  and  fo  given  by  an 
integral  representation  according  to  equation  (6.47)  in  [2]. 

In  addition  to  the  single-electron  backscattering  and  the 
diffusion  (particle-hole)  channel,  the  Cooperon  (particle- 
particle)  channel  was  taken  into  account  by 
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with  the  arguments  x\  —  2hDc/nlBkRT ,  x2  = 
g*fxBB/nkBT  and  x3  =  h/nx^k^T  of  the  Cooperon 
function  fc  (equation  (6.42)  in  [2])  and  the  Coulomb 
amplitude  [3, 15] 


1  +  g3  In (EF/e) 

with  e  =  max{kBT,2hDc/nlB,  g*fxBB/n}  and  lB  = 
(h/eB)l/2  the  magnetic  length.  Here  it  was  assumed  that 
intervalley  scattering  reduces  the  valley  degeneracy  factor 
anv  to  1  as  observed  in  analysis  of  the  single-particle 
interference  term  in  Si/SiGe  QWs  with  mobilities  in  the 
range  of  104  cm2  V-1  s_l  [16]. 

The  electron  Lande  factor  g*  is  expected  to  be  isotropic 
and  should  not  be  rescaled  due  to  correlation  effects  in 
confined  electron  systems  [2],  This  is  in  contrast  to  the 
spin  splitting  which  enters  into  the  magnetic  susceptibility, 
where  a  renormalized  value  of  g*  should  be  used  [17].  For 
our  analysis,  we  take  the  bulk  value  of  n-Si,  g*  =  2.0. 


The  fit  of  the  magnetic  field  and  angular  dependence, 
as  indicated  by  the  full  curves  in  figure  1,  gives  for 
n  =  4.5  x  1018  cm-3  (and  6.0  x  1018  cm-3  respectively)  the 
anisotropy  factor  rD  =  D\\/D±  —  40(108),  phase  coherence 
time  xv  =  13.3  ps  (14.6  ps)  and  the  spin-diffusion  factor 
g3  —  1.1  (1.3).  All  other  parameters  in  equations  (l)-(4) 
follow  directly  from  these  fitted  values  and  from  electron 
concentration  n  and  temperature  T . 

As  can  be  seen  from  the  good  quality  of  the  fit  in 
figure  1 ,  the  standard  3D  theory  of  weak  localization  is  able 
to  describe  the  behaviour  of  our  samples  with  higher  doping 
concentrations.  The  magnitude  of  the  magnetoconductance 
is  proportional  to  the  square  root  of  the  anisotropy  factor  rD 
and  is  thus  larger  than  in  bulk  3D  systems.  This  interesting 
property  has  already  been  noted  in  the  context  of  lateral 
transport  in  GaAs/AlGaAs  SLs  [9]. 

From  our  data,  the  vertical  diffusion  constant  D±  = 
D||/rD  can  be  deduced,  which  is  difficult  to  be  measured 
directly  in  Si/SiGe  SLs  due  to  problems  with  doping  of 
the  graded  buffer  layer.  From  Dj_  the  escape  time  from 
one  well  into  another  can  be  estimated.  For  h/x  >  w, 
the  subsequent  transitions  between  wells  are  uncorrelated, 
so  that  resc  «  (dw  +  db)2/Dx.  This  gives  tesc  =  5.1  ps 
and  6.9  ps  for  samples  with  4.5  and  6.0  x  1018  cm-3 
respectively,  a  value  much  longer  than  the  escape  time  for 
coherent  coupling  between  the  wells,  2 h/w  =  0.52  ps. 
Due  to  the  strong  disorder  h/x  >  w,  the  coherent 
transport  is  hindered  and  the  transition  rate  should  be 
described  by  a  tunnelling  probability  through  a  barrier 
with  width  dv;.  This  gives  an  estimate  of  the  escape 
time  of  9  ps,  assuming  that  only  the  confinement  energy 
E0  determines  the  tunnelling  energy  and  that  the  parallel 
momentum  is  conserved.  The  escape  time  evaluated  from 
D±  is  lower,  which  may  come  from  additional  momentum 
non-conserving  tunnelling  processes  [18]. 

The  magnetic  field  and  angular  dependence  of  the 
magnetoconductivity  were  also  investigated  as  a  function 
of  temperature  up  to  20  K.  Holding  the  rate  rD  and  the 
amplitude  £3  constant  during  the  least  square  fit  of  the  data, 
we  get  a  temperature  dependence  of  a  T~^  with  /3  =  1.0 
and  1.2  for  n  —  4.5  and  6.0  x  1018  cm-3  respectively. 
With  increasing  temperature,  the  deviation  between  the 
calculated  and  measured  ct  increases.  When  we  allow  also 
a  variation  of  the  parameter  ru  during  the  fit  for  higher  T, 
a  good  agreement  can  again  be  achieved.  In  that  case  the 
fitted  values  of  x<p{T)  remain  practically  unchanged  but  the 
rate  ro  decreases  from  40  and  108  for  the  two  SL  systems 
at  1.4  K  down  to  26  and  37  respectively,  at  20  K.  As 
£>l|  increases  only  slightly  with  T,  this  corresponds  to  an 
increase  of  Dx  and  thus  to  a  higher  transition  rate  between 
QWs  for  higher  T.  This  behaviour  cannot  be  understood 
with  momentum-conserving  tunnelling  processes  alone,  but 
might  be  possible  for  disorder-assisted  inelastic  tunnelling. 

Only  the  SL  systems  with  higher  electron  concentration 
(4.5  and  6.0  x  1018  cm-3)  could  be  well  described  by 
equations  (l)-(4)  at  T  >  1.4  K.  For  the  lower- 

doped  samples  (2.0  and  2.5  x  1018  cm-3)  the  quantum 
corrections  become  very  large  and  the  assumptions  of  small 
perturbation  and  kBl  >  1  are  no  longer  valid.  This  is 
demonstrated  in  figure  2  for  n  =  2.0  x  1018  cm  3.  The 
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Figure  2.  The  SL  structure  with  the  lower  doping 
concentration  of  2.0  x  1018  cm-3  shows  a  strong  decrease 
of  conductivity  towards  lower  temperatures,  which  can  be 
described  by  a  =  cr0  exp[-(T0/T)a]  typical  for 
variable-range  hopping  in  the  insulating  phase. 


B  (T) 

Figure  3.  Magnetoconductivity  of  an  Si/SiGe  superlattice 
with  Sb  doping  concentration  of  6.0  x  1018  cm-3  at 
temperatures  between  70  mK  and  500  mK. 

conductivity  at  zero  magnetic  field  decreases  dramatically 
at  lower  temperatures  and  can  be  described  by  a  = 
CT0exp[— (To/T)"]  with  a  =  0.36  and  T0  =  100  K.  This 
behaviour  is  typical  of  a  variable-range  hopping  mechanism 
and  demonstrates  that  the  lower-doped  samples  are  in  the 
insulating  phase. 

In  contrast,  the  sample  with  n  =  6.0  x  1018  cm-3 
exhibits  metallic  conductivity  as  shown  in  figure  3.  The 
zero  magnetic  conductivity  does  not  change  at  all  down  to 
70  mK,  and  the  magnetoconductivity  up  to  6  T  decreases 
only  moderately,  giving  no  indication  of  a  magnetic-field- 
induced  MIT  either. 

As  will  be  demonstrated  in  the  following,  the  SL 
with  an  electron  concentration  of  4.5  x  1018  cm-3  is  the 
most  interesting  one.  Its  magnetoconductivity  is  shown 
in  figure  4  versus  the  square  root  of  T  in  the  millikelvin 
temperature  region  for  (a)  magnetic  field  perpendicular  to 
the  SL  layers  and  ( b )  parallel.  A  dependence  of  a  on  T^1 
is  observed  over  a  wide  temperature  range,  characteristic 
of  3D  systems  [1,11,19,20].  For  the  perpendicular 
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Figure  4.  Temperature  dependence  of  the  conductivity  for 
the  sample  with  4.5  x  1018  cm-3  at  different  magnetic  fields 
on  a  square  root  of  T  scale  for  the  (a)  perpendicular  and 
(b)  parallel  orientation  of  the  magnetic  field. 

configuration  (figure  4(a))  the  conductivity  extrapolated 
to  T  =  0  K  is  clearly  above  zero  for  all  investigated 
fields  and  even  seems  to  saturate.  On  the  other  hand, 
the  parallel  configuration  (figure  4(b))  shows  extrapolated 
conductivities  below  zero,  indicating  a  magnetic-field- 
induced  MIT  transition.  The  transition  occurs  for  magnetic 
fields  between  1  and  2  T.  The  conductivity  data  show  a 
deviation  from  the  straight  lines  at  the  lowest  temperatures. 
This  may  come  from  a  thermal  decoupling  of  the  electron 
gas  from  the  cold  source;  similar  effects  were  observed  in 
recent  investigations  of  bulk  Si:P  [19].  On  the  other  hand 
a  similar  anomaly  was  observed  in  bulk  Si:Sb  and  assigned 
to  a  possible  electronic  phase  transition  or  a  spontaneous 
lifting  of  the  valley  degeneracy  from  6  to  2  [11].  The  latter 
explanation  can  be  excluded  by  our  experiment  as  the  lifting 
of  the  valley  degeneracy  already  occurs  due  to  the  biaxial 
strain  in  the  Si/SiGe  SLs. 

As  obtained  by  the  fitting  of  the  magnetoconductivity 
for  the  two  higher-doped  structures  (figure  1),  the  decrease 
in  conductivity  in  the  parallel  configuration  is  due  to 
the  diffusion-spin  term  whereas  for  the  perpendicular 
orientation  this  decrease  is  partly  counterbalanced  by  an 
increase  due  to  the  destruction  of  the  single-electron 
backscattering  effect.  Thus  the  observation  of  the  field- 
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Figure  5.  Scaling  behaviour  of  the  magnetoconductivity  for 
4.5  x  1018  cm-3  in  the  vicinity  of  the  metal-to-insulator 
transition  for  B  =  0.8, 1.0, 1.2  and  1.4  T  according  to 

cr/(1  -  B/Bc)v  =  T/(  1  -  B/Bcyv. 


induced  MIT  in  the  parallel  configuration  proves  rather 
directly  that  in  Si/Si  Ge  structures  the  transition  is  driven 
by  the  spin  term  and  not  by  orbital  effects.  This  is  in 
contrast  to  n-GaAs  with  a  large  ratio  of  cyclotron  to  spin- 
Zeeman  energy  me/m*g*  =  37  (for  Si  2.6).  Indeed,  in 
n-GaAs/GaAlAs  SLs  the  MIT  occurs  at  lower  magnetic 
field  when  it  is  oriented  perpendicular  to  the  layers  [10] 
indicating  the  dominance  of  orbital  effects  (wavefunction 
shrinkage). 

In  order  to  find  out  whether  the  behaviour  of  the 
conductance  in  the  vicinity  of  the  MIT  is  consistent 
with  theoretical  predictions  for  3D  systems,  we  replot  the 
experimental  results  taken  between  90  and  500  mK  in 
the  coordinates  suggested  by  Finkelstein’s  renormalization 
group  approach  [21,22] 

/  T 

(1  -B/Bcy  {(I  -B/Bcy« 

where  Bc  is  the  critical  magnetic  field,  v  the  correlation 
length  and  z  the  dynamic  exponent.  As  shown  in  figure  5, 
the  experimental  results  agree  well  with  the  scaling  law, 
but  it  turns  out  that  due  to  the  strong  dependence  of 
ct  versus  T  our  data  are  not  sensitive  to  the  choice  of 
Bc  ~  1.6  T  and  v  ~  1  but  provide  an  accurate  value 
of  z  —  1.6  ±  0.2.  A  similar  analysis  for  bulk  n-Si  at 
B  =  0  yielded  z  =  3.1  [23],  while  that  for  the  MIT  of 
spin-polarized  electrons  in  diluted  magnetic  semiconductors 
(DMS)  results  in  z  =  1.7  ±  0.4  [24],  This  is  consistent,  as 
DMS  and  n-Si  in  the  magnetic  field  belong  to  the  same 
universality  class,  whereas  n-Si  without  a  magnetic  field 
belongs  to  another  one  [21,22,24], 


4.  Conclusions 

The  magnetic  field  and  angular  dependence  of  the 
conductivity  of  Si/Sio.55Geo.45  SL  structures  with  electron 
concentrations  of  4.5  and  6.0  x  1018  cm-3  can  be 
well  described  by  contributions  from  backscattering  and 
disorder-induced  electron-electron  interaction  effects  for 
anisotropic  three-dimensional  systems  using  a  rescaled 
diffusion  constant  Dd  =  (D^ZT  )1/3.  For  the  orientation 
of  the  magnetic  field  parallel  to  the  SL  layers,  the 
spin  splitting  of  the  diffusion-triplet  state  dominates 
the  magnetoconductivity.  For  the  samples  with  lower 
electron  concentrations  (2.0  and  2.5  x  1018  cm-3)  the 
insulating  behaviour  at  low  temperatures  is  demonstrated 
by  the  observed  conductivity  in  the  variable-range  hopping 
regime.  The  magnetoconductivity  of  the  higher-doped 
samples  in  the  millikelvin  regime  follows  a  Tl/2  law  over  a 
wide  range.  This,  together  with  the  observed  MIT,  implies 
a  three-dimensional  behaviour  of  the  studied  SL  systems. 

We  suggest  that  at  non-zero  temperature  an  SL  remains 
three  dimensional  as  long  as  an  electron  can  move  from  one 
well  to  another  before  the  phase  coherence  is  destroyed,  i.e. 
the  escape  time  resc  must  be  shorter  than  both  the  phase 
coherence  time  tv  and  the  thermal  coherence  time  h/kBT. 
In  our  SLs,  this  condition  is  fulfilled  in  the  investigated 
temperature  range  below  2  K. 
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Abstract.  The  interaction  of  the  electrons  in  Si  MOSFETs  has  been  studied  under 
uniaxial  stress  using  quantum  magnetotransport  experiments  (Shubnikov-de  Haas 
and  quantum  Hall  effect).  The  stress  allows  one  to  vary  the  relative  positions  of  the 
conduction  band  valleys  where  the  electron-electron  interaction  plays  a  crucial 
role.  From  the  evaluation  of  the  data  we  obtain  the  phase  diagram  of  the 
population  of  the  valleys  as  a  function  of  stress  and  carrier  density.  Our  results  are 
excellently  described  by  the  theory  of  Takada  and  Ando  where  intervalley 
electron-electron  interaction  is  taken  into  account. 


1.  Introduction 

The  study  of  electron-electron  interaction  effects  is  one  of 
the  interesting  topics  of  solid  state  physics.  In  silicon  the 
electrons  are  accommodated  in  six  equivalent  valleys  of 
the  conduction  band.  Therefore,  intervalley  interaction  has 
to  be  considered.  The  energetic  degeneracy  of  the  valleys 
is  lifted  by  a  confinement  potential  leading  to  two  sets  of 
valleys  in  the  two  dimensional  electron  system  (2DES)  with 
circular  and  elliptic  constant  energy  contours  respectively 
(figure  1). 

The  intervalley  interaction  can  be  studied  in  this  system 
by  the  application  of  uniaxal  stress  that  shifts  the  valleys 
against  each  other  and  this  allows  the  interaction  to  be 
tuned.  The  individual  shifts  of  the  valleys  relative  to  a 
common  hydrostatic  term  are  given  by  [1,2] 

A Ea  =  ±DuX(Sn  -  Sn)[(ktt  ■  F)2  -  \]. 

The  +  and  —  signs  denote  tensile  and  compressive  stress 
respectively.  F  is  the  unit  vector  in  the  direction  of 
the  applied  force  which  produces  the  stress  of  value  X. 
For  silicon  Du  =  9  eV  and  Sn  —  S12  =  0.98  Mbar  '. 
The  dependences  on  stress  ||  [100]  and  [110]  are  shown 
for  a  2DES  in  the  (001)  plane  in  figure  2.  Two 
models  have  been  developed  for  treating  the  interaction 
theoretically.  That  of  Kelly  and  Falicov  [3,4]  was  based 
on  charge  density  waves  (CDW)  resulting  from  phonon- 
mediated  intervalley  electron  exchange  interaction.  Takada 
and  Ando  [5]  and  Stern  and  Howard  [6]  considered 
the  interaction  without  involving  phonons.  The  CDW 
model  was  initially  supported  by  the  observation  of  a 
single  cyclotron  resonance  (CR)  which  varied  in  position 
continuously  between  the  two  masses  of  the  valleys  when 
varying  their  relative  populations.  According  to  the 
Takada-Ando  model  the  observation  of  two  cyclotron 
resonances  was  expected.  Results  of  Shubnikov-de  Haas 
(SdH)  experiments  could  never  be  uniquely  interpreted 


Figure  1.  Energy  contours  of  the  conduction  band  in  Si 
MOSFETs  and  definition  of  directions. 

in  favour  of  one  of  the  two  models.  Eisele  et  al 
[7]  preferred  the  CDW  interpretation,  Englert  et  al  [8] 
doubted  that  the  electron-phonon  interaction  was  strong 
enough  for  the  occurrence  of  CDWs.  Subsequent  CR 
experiments  [9, 10]  revealed  the  existence  of  two  cyclotron 
masses  under  conditions  where  two  valleys  were  expected 
to  be  populated.  This  agreed  with  the  Takada-Ando  model. 
However,  in  the  SdH  experiments  also  performed  by  Gesch 
etal  [  1 1  ]  a  constant  SdH  period,  i.e.  no  indication  for  a  two- 
valley  regime,  was  observed  when  varying  the  stress.  Thus, 
the  understanding  of  the  interacting  2D  electron  system  in 
silicon,  the  prototype  many-valley  semiconductor,  was  far 
from  being  satisfactory. 

In  the  present  work  Si  MOSFETs  of  (001)  orientation 
has  been  studied  under  uniaxial  stress  using  high-magnetic 
field  experiments,  i.e.  evaluating  the  SdH  effect  and  the 
quantum  Hall  effect  (QHE).  The  results  allow  a  phase 
diagram  to  be  established  of  the  population  of  the  valleys 
involved.  Our  results  confirm  the  model  of  Takada  and 
Ando  and  clear  the  discrepancy  between  the  SdH  and  CR 
data  mentioned  above. 
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Figure  2.  Energetic  positions  of  the  valleys  in  a  (001)  Si 
MOSFET  for  different  stress  directions  without 
electron-electron  interaction:  (a)  X||  [110];  (b)  X||  [100]. 

2.  Experiments  and  samples 

Silicon  (001)  MOSFETs  with  standard  Hall  bar  geometry 
were  used  for  the  experiments.  Their  length  and  width 
were  800  and  80  fim,  respectively.  Two  potential  probes 
on  each  side  were  spaced  by  160  gm.  The  thickness  of 
the  gate  oxide  was  680  nm.  At  T  =  2.1  K  the  maximum 
electron  mobility  was  2x  104  cm2  V-1  s-1  (at  VG  =  10  V). 
The  long  axis  of  the  MOSFET  was  oriented  in  the  [110] 
direction.  The  long  axis  of  the  sample,  i.e.  the  stress 
direction,  was  either  [100]  or  [110].  The  total  size  of 
the  sample  was  6  x  2  x  0.5  mm3  ([100]  sample)  and 
6  x  1  x  0.5  mm3  ([110]  sample).  For  the  electrical  contacts 
25  /zm  diameter  gold  wires  were  bonded  to  the  aluminium 
pads  of  the  MOSFET. 

For  the  magnetotransport  experiments  under  uniaxial 
stress  the  samples  had  to  be  mounted  in  a  holder  where 
the  stress  was  applied  perpendicular  to  the  magnetic  field. 
The  force  was  applied  by  stainless  steel  strings  via  pulleys. 
The  magnetic  field  of  the  superconducting  magnet  was  in 
the  vertical  direction  perpendicular  to  the  (001)  plane  of 
the  sample.  Details  of  the  stress  apparatus  can  be  found 


in  [12].  For  applying  the  force  uniformly  and  for  isolating 
the  sample  electrically,  Mylar  foils  were  positioned  between 
the  sample  and  the  pistons.  The  maximum  stress  which 
could  be  produced  was  2.5  and  6  kbar  in  the  samples  with 
Xj|  [100]  and  [110]  respectively. 

All  the  experiments  were  performed  at  T  =  2. 1  K  with 
the  sample  immersed  in  liquid  helium.  Gate  voltages  up 
to  200  V  were  applied  by  a  ramp  generator.  The  value  of 
the  d.c.  drain  current  was  2  fiA,  low  enough  for  avoiding 
distortions  of  the  QHE  plateaus.  The  potential  probes 
were  connected  to  the  measuring  system  (scanner,  digital 
multimeter,  computer)  via  isolation  amplifiers  with  input 
impedances  of  100  Gf2.  The  quantities  deduced  were  the 
longitudinal  resistivity  pxx  and  the  Hall  resistivity  pxy.  The 
results  reported  in  this  paper  were  obtained  at  B  =  10.7  T. 
At  this  field  only  the  lowest  subband  of  the  [001]  valley 
is  populated  at  zero  stress.  The  threshold  voltage  for  the 
onset  of  conduction  was  8  V  and  remained  constant  when 
applying  stress  and/or  magnetic  field. 

3.  Experimental  results  and  interpretation 

As  examples  of  our  experimental  data  a  few  selected 
pxx(VG)  traces  with  the  stress  X||  [1 10]  as  the  parameter  are 
shown  in  figure  3.  Above  high  Vq  values  the  SdH  minima 
clearly  shift  to  higher  Vq  values  with  increasing  stress 
above  X  &  0.6  kbar.  At  low  Vq  values  the  structure  of  the 
pxx  curves  is  more  complex.  The  minima  of  pxx  correspond 
to  integer  filling  factors  of  Landau  levels  or  Landau 
sublevels  (spin  and  valley  splitting  taken  into  account).  The 
actual  values  of  the  filling  factors  are  obtained  from  the 
numbering  of  the  minima  and  additionally  from  the  pxy 
values  of  the  corresponding  QHE  plateaus.  The  values  of 
the  stress,  where  the  minima  start  to  move,  vary  weakly 
with  the  filling  factor.  Also  the  periods  of  the  SdH 
oscillations  on  the  Vq  scale  vary  with  increasing  stress. 
At  the  highest  stress  the  period  is  10%  larger  than  at  zero 
stress. 

The  shifts  of  the  minima  at  high  Vq  values  are 
accompanied  by  the  appearance  of  an  additional  set  of 
oscillations  at  low  Vq  values  and  high  stress.  The 
identification  of  the  minima  by  their  corresponding  filling 
factors  is  the  basis  for  the  construction  of  the  phase 
diagram  for  the  population  of  the  different  valleys.  For 
this  procedure  it  is  assumed  that  the  oxide  capacitance 
and  the  threshold  voltage  do  not  change  with  stress.  This 
is  confirmed  by  the  following  experimental  observations: 

(i)  the  low-field  Hall  effect  is  independent  of  the  stress; 

(ii)  the  minima  with  the  same  values  of  the  filling  factors 
appear  at  the  same  Vq  values  indicating  no  change  of 
the  carrier  density;  (iii)  the  measured  threshold  voltage 
is  independent  of  the  stress.  The  set  of  SdH  oscillations 
observable  at  low  stress  values  is  attributed  to  the  circular 
valley  and  the  additional  set  at  low  Vq  and  high  X  to  the 
elliptical  valleys.  In  the  phase  diagrams  of  figure  4  and 
figure  5  the  population  of  the  circular  valley,  «ooi /«s<  is 
shown  as  a  function  of  ns  and  X.  The  RPA  results  of 
Takada  and  Ando  are  in  excellent  qualitative  agreement 
with  our  experimental  data.  The  agreement  could  be 
made  more  quantitative  (observe  the  different  scales  in  the 
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Figure  5.  Phase  diagram  for  the  (001)  MOSFET  with 
uniaxial  stress  in  the  [100]  direction.  The  broken  curves 
show  the  theoretical  results  after  Takada  and  Ando  [5]  for 
riooi/ns  =  0,  0.8  and  1. 


Figure  3.  Magnetoresistance  as  a  function  of  gate  voltage 
with  the  stress  in  the  [110]  direction  as  a  parameter.  The 
curves  are  shifted  proportional  to  the  applied  stress.  The 
arrows  on  the  right-hand  scale  indicate  the  values  of  the 
stress  and  the  zeros  of  the  shifted  resistance  scales. 


n.  [lO^cm2] 


Figure  4.  Phase  diagram  for  the  (001)  MOSFET  with 
uniaxial  stress  in  the  [110]  direction.  The  broken  curves 
show  the  theoretical  results  after  Takada  and  Ando  (private 
communication)  for  n00-\/ns  =  0, 0.8  and  1. 


theoretical  results  of  Takada  and  Ando  [5],  The  main 
feature  was  a  constant  SdH  period  independent  of  stress 
without  any  indication  of  a  second  period  of  another  valley. 
According  to  [13]  at  least  a  stress-dependent  period  should 
be  observable  if  the  interaction  is  too  weak  for  the  formation 
of  CDWs.  A  detailed  examination  of  our  pxx  data,  however, 
shows  that  the  SdH  period  for  Vg  >  50  V  (i.e.  n$  > 
1.5  x  1012  cm-2)  is  actually  not  constant.  This  could  not 
be  observed  by  Englert  et  al  [14]  because  of  lower  sample 
quality  and  weaker  SdH  oscillations. 

The  excellent  agreement  of  our  data  with  the  theory  of 
Takada  and  Ando  shows  that  a  CDW-based  interpretation 
is  not  applicable  to  the  SdH  data.  Our  interpretation  is  also 
consistent  with  the  CR  measurements  by  Stallhofer  et  al  [9] 
where  two  CR  masses  were  observed  in  the  regime  which 
we  identified  as  that  of  the  mixed  phase. 

In  our  interpretation  we  used  a  comparison  of 
experiments  in  high  magnetic  fields  and  of  a  B  =  0  theory. 
This  procedure  can  be  justified  by  assuming  broadened 
density  of  states  of  the  Landau  levels  (valley-split  and  spin- 
split  sublevels).  This  broadening  leads  to  an  overlap  of 
neighbouring  levels.  The  overlap  can  be  considered  as 
being  strong  enough  [13]  to  apply  the  B  =  0  density 
of  states  as  a  good  approximation  in  high  fields.  The 
observation  of  pronounced  minima  of  Rxx  should  not  be 
seen  as  contradictory  since  they  are  essentially  caused  by 
localization  in  the  tails  of  the  density  of  states  of  the 
overlapping  sublevels. 


diagrams)  if  a  lower  depletion  charge  (ndep  =  1  x  10"  cm-2 

in  [5])  was  used  in  the  calculations.  Acknowledgment 
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